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~ The MAILING DATE of this communication appears on the cover sheet with the correspondence address - 
Period for Reply 



A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1 .136(a). tn no event,, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133), 
Any reply received by the Office later than three months after the mailing date of this communication, even If timely filed, may reduce any 
earned patent term adjustment See 37 CFR 1.704(b). 

Status 

1 )S Responsive to communication(s) filed on 03 March 0104 . 
2a)\3 This action is FINAL. 2b)^ This action is non-final. 

3) 0 Since this application is in condition for allowance except for formal nnatters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 1 1 , 453 O.G. 213. 

Disposition of Claims 

4) S Claim(s) l-IO is/are pending in the application. 

4a) Of the above claim(s) is/are withdrawn from consideration. 

5) 0 Claim(s) is/are allowed. 

6) M Claim(s) 1-10 is/are rejected. 

Clalm(s) is/are objected to. 

8) n Clalm(s) are subject to restriction and/or election requirement. 

Application Papers 

9) 0 The specification is objected to by the Examiner. 

10)^ The drawing{s) filed on 04 March 2005 is/are: a)n accepted or b)S objected to by the Examiner. 

Applicant may not request that any objection to the drawlng(s) be held in abeyance. See 37 CFR 1 .85(a). 

Replacement drawing sheet(s) includirig the correction is required if the drawlng(s) is objected to. See 37 CFR 1 .1 21 (d). 
1 1 )□ The oath or declaration Is objected to by the Examiner. Note the attached Office Action or fomn PTO-1 52. 

Priority under 35 U.S.C. § 119 

12)13 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 19(a)-(d) or (0. 
aM All b)n Some * c)^ None of: 

1 Certified copies of the priority documents have been received. 

2.1J Certified copies of the priority documents have been received in Application No, . 

3.n Copies of the certified copies of the priority documents have been received in this National Stage 
application from the International Bureau (PCT Rule 17.2(a)). 
* See the attached detailed Office action for a list of the certified copies not received. 
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Art Unit: 2822 

DETAILED ACTION 

1 . This office action is in response to the application filed March 31, 2004. 

Specification 

2. The title of the invention is not descriptive. A new title is required that is clearly 
indicative of the invention to which the claims are directed. 

Drawings 

3. Figure 3 should be designated by a legend such as —Prior Art- because only that which is 
old is illustrated. See MPEP § 608.02(g). Corrected drawings in compliance with 37 CFR 
1.121(d) are required in reply to the Office action to avoid abandonment of the application. The 
replacement sheet(s) should be labeled "Replacement Sheet" in the page header (as per 37 CFR 
1.84(c)) so as not to obstruct any portion of the drawing figures. If the changes are not accepted 
by the examiner, the applicant will be notified and informed of any required corrective action in 
the next Office action. The objection to the drawings will not be held in abeyance. 

Claim Rejections - 35 USC §103 

4. The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 
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5. Claims 1-3 and 6-8 are rejected under 35 U.S.C. 103(a) as being unpatentable over Moku 
et al. (Japanese Publication No. 2003-059948-Translation) in view of Applicant's Prior Art. 
In regards to claim 1, Moku et al. ("Moku") discloses the following: 

a) a substrate (1) (For Example: Figure 1); 

b) a semiconductor layer structure including a buffer layer (2) structure, a channel 
layer (10) that are consecutively formed in this order on said substrate; 

c) buffer layer structure includes at least one first buffer layer (9) comprising as a 
main component thereof a compound semiconductor expressed by the general formula of 
A1xINyGA,_x.yAsuPvNi.u.v (where 0<X<1, 0<Y<1, X+Y<1, 0<U<1, 0<V<1, U+V<1); and at 
least one second buffer layer (8) comprising as a main component thereof a compound 
semiconductor expressed by the general formula of AlaINbGAi.a.bAscPdNi.c-d (where 0<A<1, 
0<B<1, A+B<1, 0<C<1, 0<D<1, C+D<1) and wherein said first buffer layer and said second 
buffer layer have different bandgap energies, and have two-dimensional electron gas density or 
densities therein not greater than SxlO^^cm"^ (Note: For Example: See Page 5 of 10 
Paragraphs 16-18)(Note: Although Moku fails to specifically disclose that the first buffer layer 
and said second buffer layer have different bandgap energies, and that the two buffer layers have 
two-dimensional electron gas density or densities therein not greater than SxlO^^cm'^, the same 
material is utilized in Moku as in Applicant's invention therefore it would have the same 
characteristics). 

In regards to claim 1, Moku fails to disclose the following: 

a) a donor layer. 

However, AppUcant's Prior Art discloses a donor layer (15) (For Example: See 
Figure 3). It would have been obvious to one having ordinary skill in the art at the time the 
invention was made to modify the semiconductor of Moku to include a donor layer as disclosed 
in Applicant's Prior Art because it aids in the formation of a lateral FET (For Example: See 
Column 2 Lines 14-23). 

Additionally, since Moku and Applicant's Prior Art are both fi-om the same field of 
endeavor, the purpose disclosed by Apphcant's Prior Art would have been recognized in the 
pertinent art of Moku. 
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In regards to claims 2 and 7, Moku discloses the following: 

a) the first buffer layer has a thickness of not less than .5nm and not greater than 
20nm, and said second buffer layer has a thickness of not less than .5nm and not greater than 
20nm (For Example: See Page 2 of 10 Paragraph 9)(Note: In the case where the claimed ranges 
"overlap or lie inside ranges disclosed by the prior art" a prima facie case of obviousness exists. 
See MPEP§ 2144.05.). 

In regards to claims 3 and 8, Moku discloses the following: 

a) the second buffer layer has bandgap energy greater than a bandgap energy of 
said first buffer and has an Al composition not less than a thickness of not less than .5 and a 
thickness not less than 1 nm and nor greater than lOnm (For Exailiple: See Page 2 of 10 
Paragraph 9, Page 2 of 5 Paragraph 35, Page 8 of 10 Paragraph 34)(Note: In the case where the 
claimed ranges "overlap or lie inside ranges disclosed by the prior art" a prima facie case of 
obviousness exists. See MPEP § 2144.05.). 

In regards to claim 6, Moku discloses the following: 

a) buffer layer structure includes a plurality of said first buffer layers and a 
plurality of second buffer layers which are alternately laid on one another (For Example: See 
Figure 1). 

Allowable Subject Matter 

6. Claims 4, 5, 9 and 10 are objected to as being dependent upon a rejected base claim, but 
would be allowable if rewritten in independent form including all of the limitations of the base 
claim and any intervening claims. 

7. The following is an examiner's statement of reasons for allowance: 

In regards to claims 4 and 9, the prior art fails to disclose the following: a) the first and 
second buffer layers comprise one of Mg, Be, Zn and C in an amount of not less than 
IxlO'^ cm"^ and not greater than 1x10^^ cm ^ 

In regards to claims 5 and 10, the prior art fails to disclose the following: a) an operating 



current of not less than 1 ampere or an operating voltage of not less than 100 volts. 
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Any comments considered necessary by applicant must be submitted no later than the 
payment of the issue fee and, to avoid processing delays, should preferably accompany the issue 
fee. Such submissions should be clearly labeled "Conmients on Statement of Reasons for 
Allowance." 

8. The following prior art made of record and not relied upon is considered pertinent to 
applicant's disclosure: a) Photoluminescence Characterization ofP-Type GaN:Mg hy Corlatan et 
al; b) Tsuchiya et al. (Japanese Publication No. 2002-050758) discloses a compound 
semiconductor epitaxial wafer and transistor; c) Furukawa (Japanese Publication No. 
2001-274376) discloses a low resistant gallium nitride group buffer layer; d) Maeda et al. 
(Japanese Publication No. 2001-326232) discloses a semiconductor device; e) Growth of High- 
Performance GaN Modulation Doped Field Effect Transistors by Ammonia Molecular Beam 
Epitaxy by Tang et al; and f) Reproducibility of Growing AlGaN/GaN High-Electron-MbbiUty- 
Transistor Heterostructures by Molecular-Beam Epitaxy by Tang et al. 

Conclusion 

9. Any inquiry conceming this communication or earlier conmiunications from the 
examiner should be directed to Monica Lewis whose telephone number is 571-272-1838. 

If attempts to reach the examiner by telephone are xmsuccessfiil, the examiner's supervisor, Amir 
Zarabian can be reached on 571-272-1852. The fax phone number for the organization where 
this application or proceeding is assigned is 571-273-8300 for regular and after final 
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Art Unit: 2822 ; '. 

communications. Any inquiry of a general nature or relating to the status of this application or 
proceeding should be directed to the receptionist whose telephone number is 703-308-0956 

ML 

August 12, 2005 
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vN'y 7 3 k LT!jM?=5:Ji§*^V^>t«), KS*^ t 
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substrate having a nitride semiconductor 
buffer layer and an AlxGal-xN channel layer (0 
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Wii-r^iUmii. AUGai-xN (0<X<1) {Cj: 

xi'im^Lx^^hiitiimLfth^i/i^, 

WS/^-y yrMb fffif-^ ^^Pfl t «OHfcJg«$n;t G 

oi>±Mizmm^tij:Mm^i*^i-^^)umt. z 
X i< 1 ) Wig 1 mmm t . loa^^ ^-'HiLhfcjg 

jK$itytAlx2Gai-x2N (0<X2<1 ) <0|g2c7)K 

KfEm 1 <oKa«co A 1 mx 1 z.</)mi (r>WM. 
mmrmm^kb a i mpf^jm^mz ^^i^x d tc. 
m^mtzm-i-i.mim^tix\.'^h c: b -r 

[it^fle] m^5izt3\,^x. 

Wa-^r^fUMlt. GaN, IniGai-YN (0<YS 
1 ) . tittiAlzGai-zN (0<ZS1. Z<X1. 

z <x 2 ) <7)M*tA»Tjgjfi$^iTv^si fc -rs 

G a Na«-eS)2. c b ^mb-rtmii^. 

[0001] 

u mzm,mmi^m\'^tl^^i^s^zmm><r> 
x'hi. 

[0002] 

vy-JX9 (Field Effect Transistor :FET ) t.tdii.'^ 
XOfl|jiBlfJ!)*h5>xX5' (Heterostnicture Fiel 



d Effect Transistor :HFEr) fcfe»f>T<4, 

S^^:t.;P^tGaNJ|>I mGai-xN (0<X< 
\) im\,^t>itX\^h mSTl 0-56 5 29^. !^ 
S¥10-69176^#g3) . Z.ftt^mm^f?i\^1t 
T^UX (GaN^TA^X) tSaEOGaAs^ 
FETtyiJJHFETJ:*) • i^£08f^*f5rig-C 

[0003] 

t^^^-flifi±^<^£hiioiiZ^^^)V^^^^-fi, 
m^Vyyi^Xjf (HFET) fctJV^TJl, ^xn# 

m^zm^a)jEt.t:\i.%.(mmw^ima£th. hfet 

f-A'^/i'm^'coHfinSEtt. HFET<oisra«iSfP(c»»=& 

VHp^-thi-^:^)Vfgmrf<nmm.b lta ixGa 

i-xN^ (0<X<1) *«iStt^,*l-CV>S^(CjJ^ 

i.o^j:mit^m:i*)n. HFET^-^^^JU xbL 

|6l±$i*:3t^tt^S (FETiJiWfHFET) ^gft 
30 ®fi:^^{^«^(HFET) 
[0004] 

Z<^^i^mULiziB^^1xn:mm!^W<^^'iy y r 

Mb. z<^f'^-yyrmi^i>±miizmL^tiiimm^ 

^W<r)^^r:^)Vmbt:mi.. m^^^r^^vm\i. Alx 
Gai-xN« (0<X<1 ) (cJ:oTJgj3t3ilT>,^S. 
^(nko^mmzii^^mM. (a!*cOGaNJ;i)t,A 
40 i^K^^-zTiOJlKlr^A liGai-xN^fflt^SifctJ: 

0. ^^^}vm(.zmh^m^:hifi±^<m. sia 

h. C*tttS^!fe^«cm^fcFET**:{4HFET 

■Mziiy)htzh^tL. -mfHzm^^:>ibJ'^yY^\ 
yrb<mi.z\ijLmmh*). f^yY^^r-,rayX% 

*£^miii±^^Mm^-)i^¥fo:ibifit>. mm 
• mBssmmt: ml^ ^i>;ib ifixt izb 

50 [0005] tfc. ^fmii^(omff)mmb txi^mz 
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mSSriii. €#^h7yi^'X:}'^S^UTIr^S. CI IxGai-xN® (0<X<1 ) ^SfiimKfmm^i- 

mirS-\^)Vm±.\zm nyGai-vN (0<Ygl) . SfdiA IzGai-zN 

^^MimMmmifmmt^ ^mmiizm^ (o<zgi. z< xi. z<x2)<?>Mtu&»-cm 

Stlfcy-^ttS. y-hmffifcitf KW>^t?: ^ilTV^Tfcivn Bi£^|i^«^J±. S i C« 
h. :i<r)i.olizmm-i>:ih\zi.^:mmi..mkii^ 10 100071 

tiissfpmt • ffl8fflafmtts-#fcriu±§-ii7t'vx im^mmwi mz^ ^^(o-^mmmB 

Ay7rS<^±tcjg«§ixJtGaNaS:{i;is, ^<0J: <^G a N^^^^^J: h'^^ yTW;:*:?! ^fe-tT^^-Cf- 

9K:«j«t2.^i:tcio*ii«{4, :i(OGam±izm ^^A'Bimm-hztizx*). ^mmft-ms. 

*^'^'^*« ttmtLX. AlxGai-»N (0<X<1) im^^it 

[0 0 0 6] $^>fc:. i<0¥#«5S«± X\\ 

fc:»JS$futg^!BjiN«<aoy\V7r«i:. iW^-y7 [0008] iClT-. AlxGai-xN (0<X<l)o 

rmii^i>iMi,zm^^tvfimit^mmii^i'^'^)um ^N^K^^-yrtiov^Tiiws. GaNioyxvif^f^ 

Z<Oi-^:^fl^mWFtcm^^tvtzAluGan-xiN 20 ^rE g ( GaN ) $*«3 . 4 , A 1 GaNcOA 

(0<X1<1) <^®l«OKM«t, laR^^^yPSE >'K=¥A'-yrEg (A l N) <?):^#$*«6. 2Vh&Z 

±fc:m$tUtA lx2Gai-xxN (0<X2<1) <0IB fc3&»i^» (## : Eg ( I nN) =2. 2eV<Eg (G 

2C0|^S;it , Zcom2mmm±izm^^ttfzV-X aN)).AlxGai-xN(0<X<l) <Of<y 

m y-h«ffifcitXKW>mffitS-fi|i.. liriem -/rEg ( a IxGai-xN) itL^,Eg (GaN) 

1 <o»ai<^)A 1 ffljRx 1 1 (Dmrnmrnr hxi/e g ( a i n > i:m\>^fzd:7Src^x. i^ti 

<0S«BStAlfflj£:i^^e^:$^rV^J:5fc. aiS*-* [0009] 

Eg (AlxGai-xN) =XEg (AIN) + (1-X) Eg (GaN) 
= 3. 4 + 2. 8X [eV] (0<X<1) 
[00 10] fc^rS. Lfc*JoT. AlGaNliGaN 5Kai-x(iNy<>y7rJi2*qgjS$tt. -e-<0±tA 1 xiGa 

^« c:*t<s.(cJ:OFET*f«}^§ttTv^S. ^rti, o< 

[00 11] JJLhiOSifirtiGaAs^tCM^-Ct XOSl. 0<X1<1T*>S. 

mmT$>i>i^. A I GaAsttGaAstJt<T«^# [00 1 3] H2{4, *IWg^®ffltJtHFET^^jH- 

m^i^LKi&ri-hfziti. S^St/nW x<7)^^r^;l^ BrUiH-efcS. raafcSrrJ: dfc. S i ca«l±fc:A 

ttnttXm^T^W -efltd^UT. GaN^trtJV^ lxoGai-xoNyN>7r®23&qg«$n. -C-tf5±K:A 1 

TA 1 GaN<0«^^mi. GaNcOS^^gfcifc xi Gai-xi Nf-\'J^;H33&«JgjS§n. -ftOitCA Ix! 

'^tfiT-ri.«><^<Dl^?§i!fflrt (5~6S!SSt:Ui<0^ Gai-i2N|«aa4*«}gBg3ti. ^<r>±izv-xw&i 

T. GaNtJiVAlo.iGao.sNOSam^^ei: 40 ^il^»tcj: 0HFET*«fl|jS3fi.TV^S, 0 

LT. •5-tl-e<X3 5 0tJitfl70cin2 /Vs*«tia! <XOgl, 0<X1<X2<1TJ,S, *flBtfciv^ 

$ffCV^S. A 1 GaNi^x^tUmt L TJ4. T^^f J^IW^tS^-rsmiHiA 1 x2Gai-x2N 

ffflV^SitfciO. GaAs*«:fflV^fc«^J:Ofc» RSa4tAlxlGal-xlN^^;^n'Ji3i:<?5^iI^i5ff^ 

S. *Jt, GaN^tfcV^TttGaAs^iOt^V^IS [0014] @1. 2{C^Uv:fll3tt+^^# 

i&^fcJ;l«ftSfiHHtt|6i±-r&. C:t*«t^^&. H3{±. HlofltJtfcttiS«fc tTGa 

[ 0 0 1 2 ] iJctc. *l|BBc/)ftttmJiffl0lIfcoV^TSi Nl?riiJtfe«?!^ ^1-, HatiS^-T J; 3 1^. S i Cfflg 

W5. aU4^*l|B8^jiWL^FET^5rn8filH l±KAlxoGai-xoNA.y7rS2*m$n. -f*^ 

•C*S. HBJCTi^-f idtt. S 1 ca«[l±tA 1 XOGS550 ±t+^i: LTGaNl5*^Jic$ti. -?-<0±fcA 1 
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mtiio. y-hmsi mxx/\^u^ ym&i2im t^-ox^^t. ^zt. mTtcsrri^fcj: oimou 

0<X0S1. 0<X1<1T&^. [0 02 01H7J4. H5<^)fl!Jtfc*f|HBS'JSfflLfcJi 

[00151 04 {i. a2<:0^fc:«tiSli: LTG a N WMTht . I^Htc^^i oiz. Si 1 ±tcA 1 

Si&aitJt0!5r?fc1-. ^at^idfc:. SiC^l xoGai-xoNA.y7r^2*gB^$tl. ^<r>±{ZfpfSS 

±fcAlxoGai-xoNAy7r®23(l^(KSil. 'e<0± i: LTGaN®5*s»^$^t. -esOifcA 1 xi Gai-xi 

fc+iaSi: LTGaN^5A«}Bj$$^l.. -?-<0±fe:A Ixi NB««63Wgft$<l. 'e«±tGaNf-+;^;l.Jg3*J 

Gai-xiNf-v*;P«3*ggja$fl. -e<0±fc:AlxtG mSfl. -e<^±t:A 1 x2Gai-,2NKa«4*qgdtS 
ai-x2N|$aa436q#«:$it. -e<0±fc:y-X«ffil 10 iXv 'e<0±K:y-A«ilO. y-h«gl ItJitXK 

0, y-h«il l*Jit;fKM>«ffil2Mgj«§ W>Sffil2*g»iS3tlTV^S. ^rti. 0<XOS 

iX. ^il^.t<J:OFET*t«lS$flTV^*. 5rtJ. 0< 1. 0<X1<X2<1, xi -.m. 0<XA<1, 

XOSl. 0<Xl<X2<l-CftS. XBJilJH'Q (XB<0. 05) -CftS. 

[00 161 fc^l^T. -h3iL3tJ;dtH2tiJ:Ofa4 [ 0 0 2 1 1 3|E|^t:fck^-C(i^ m?3&«^-rSGaN 

t:7KtSfl:«»imi*^jflV>fc'^Tn<«§«|Baah5>' f•^*;^Ji<Dil^r<^)A rxGai-xNJi*tA l xOai-xN 

i^'j^rj' (HFET) fcfcv^Ttt. ^7-x3^{zw^<7)jE mmTeoGaNmtA iMmmm^mz^^\^xd 

tfziiA(^mmmm.-ri>, HFET3&>'^^*;l.m a l xGai xNSOA 1 ffljSXfc:ai§$*[6]{c«iH- 

^fm&^tii>^T\3mmizi>^^vimi:^u hm^wu GaNJifcx=oTi^$^i-cv^s. « 

^1-t:t)m^^S*»Tgl£3tl.^.. C:<0j:-p^r^f^ir:f;wmi^ [0022108 (a)~(f AlxGai-xN® 

<^)#ft{4, H F ET<r)fiH»a»mc»»*4t*t^t.<0 <^A 1 «iftxtciirta$^r!6ifc:«^&«i*i&^. c 

sf-^ ^n^mm'(mmt lxa i x Gai-x n® ( o< liS'^roM'yx-v' a yifihi>, :^^< 1 1>«^*5^ 

X< 1 ) imif(>ilX\>^&iS^i. Ij^Xd^mUfi -rSGa Nf-^-:».;UJi<DirF<OA 1 xG ai-x N«*»'A 1 

mz*)n?>. ^ZT. HFET!&»S«[7^A^Xt LT xGai-xNJiirFOGaNJBk A IffljS^paaiSjaiS 

fflV^S^fcti. 4^^^^)l'mfi:m^^'thZbiiZX «:VU3fc. A lxGai-xNSi7)A lffl^Xt:ai$:6T6j 

[ 0 0 1 7 1 05 »4. n^HmFri-h^^^n^mmr x i m^ifi^RsmmiztsK^xii. -e-co^^ a 

trAlxGai-xN^ (0<X<1) *^{t^il>::HFE 30 X^^AXgO. 0 5fc^SJ:d(c:-rS«£fS*f2bS. ^ 

TS^^-r. HBfcl^idK:, SiCSfiCl01±fcA tJ. d^H^iA IxGai-xN^J^fflj^i?* 

lxoGai-xoNAv7rf|l 0 2imS.^il. ^ff>±iz A 1 ^il6V'-X:/fX<D^i:miThZtiz 

fp^t LTG a Nil 0 5im^itl. ^<r>±iZA 1 ioT^tHJfeSttl,. 

xiGai-xiNKIi«10 6*«Jg«$*T.. -?-cO±fcGaN [00231 H9«. 07ti5l,^T08<OA 1 ffl^ft; 

f-A-^^I^Wl 0 3*^{i£$/i. -eoifcA lx2Gai-x2 ^fflV^;ti©^cOf•Y:^;^ • 4?7^>'5^^;H8jiJr2<j55c« 

0. ^--hSSii 1 ifciif KWy«flii 1 2*{m msmui^'fyi^^)U ■ ~rxiyr^iv(r>ym^b^ 

^ixx\^h.^j:i5. o<xosi. o<xi<x2< tOizm'^mmM<r>m.iii.v^m^<fm^mm-h^ 

1 . X 1 : -'^ht. 'i'-r^fvwmTf.ifi^i,^ m\izmi.o*j:mm 

j 0 0 1 8 1 zaymmmm- 10-5652 g^tcIS 40 5:2i>C7C«^Ji<^|«3&«»}HS*fC^^SaH'*JS?SnT 

TP^ilTV^SfcO-CftO. ^i^iS^-rSGaN^A'^ V^S. -OJ: 3 t+l«BafcJ;^XHFET«^^»^ 
;l./i<7)lTtAlxGa.-xNS (0<X<1) i&iitt^ ^rtJ, GaNf-N-^;!,®^ 

:J<r/M\f-nflBii&fflV^S^i:fc:J:0. f-v*;H^<02 I mrGai-yNf-^^/H (0<Y^1 ) {cS#«ii.. 

<J:7C«^;<r;^«O^^B«g*5|8>'h$*lTrX'^^' Mb&5|Jl± ttzA l zGai-zNf-^^;U® ( 0<Zg 1 . Z<X 

fflSnytJ^^^yx (gm) i&Ji^$-fr5c:i:*J-c l, Z<X2) hmWktXhmmL<nmmhti 

[00 191H6I4. 05<OJiflBifc:tJ{t5f-v*;P- [ 0 0 2 4 1 CLhfciS V^Ttt. a««ffi:LTS i C*- 

CO-C&O. ^^r*;I^^J,:U1.fcay»m2<>5c«^a*< {f1^7r'fT««[i/cl4GaN»1gi&fflV>Tt,i:U. ^ 
m,^1xX\^h. Z<mm^j:mFFmfrim&i.nVE » AlxoGai-xoN>'N'./7rS2fc:fe»tl>Alffl 
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[03] mi<ommzGaNmfmtimf-i^^ 
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[05] #e¥t:ia^$itTv^SBrBi0Tfc4. 
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[08 1 07 izmtA I m&omm^mwm 
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Abstract 



High-quality GaN/AlGaN high-electron-mobility transistors (HEMT) characterized by room temperature mobili- 
ties of ^1000 cm^ V~' S-' and sheet electron densities in the range of 3 x 10'2-2 x 10*^ cm"^ have been grown by re- 
active molecular-beam epitaxy on insulating C-doped GaN template layers. Growth data and mobility values resulting 
from over 50 HEMT growth experiments on 2 in. diameter sapphire wafers are pre 
ndreproducibility of the HEMT structures grown by this raethoc 




r 



loping. Moreover, an undoped GaN channel layer of remarka^Tlwdefect densityand high 
mobility can be grown on the C-doped GaN template with high reproducibility. Precise control , of the growth tem- 
perature was key to achieving the high quality and reproducibility of the structures. © 2000 Elsevier Science Ltd. All 
rights reserved. 



1. introduction 

Two-dimensional electron systems formed by 
AlGaN/GaN heterostructures are considered highly 
promising for high power and high frequency electronic 
applications owing to the robust material stability and 
ideal electron transport properties. Material quality of 
the Ul-nitride semiconductors has been substantially 
improved in recent years using the growth techniques 
metal-organic chemical vapor deposition (MOCVD), 
hydride vapor-phase epitaxy (HVPE) and molecular- 
beam epitaxy (MBE). This has led to frequent reports 
of record-breaking mobility values now above 10"* 
cra^V-'s"' at low temperatures for both MBE and 
MOCVD grown two-dimensional electron gas (2DEG) 
structures [1-4]. In the meantime, GaN high-electron- 
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mobility-transistor (HEMT) devices fabricated from 
high-quality MBE and MOCVD grown layers have 
demonstrated significant performance in power output, 
frequency limit, and noise level [5-8]. 

Growth reproducibility and yield will be an essential 
element in the event of scaling up for potential com- 
mercial production of AlGaN/GaN HEMT devices and 
circuits. However, there have been very few data or 
discussions deahng with the reproducibility issue in the 
literature. In this article, we will examine the reproduc- 
ibility status in the growth of high-quality GaN HEMT 
structures using ammonia MBE. Two major factors 
pertinent to reproducibility and yield will be addressed 
here. The first important factor is the reproducible 
growth of the insulatmg, thick GaN buffer in the HEMT 
structure, which is necessary for achieving device isola- 
tion as well as good rf performance. Any irreproduc- 
ibility in achieving high resistivity of this thick buffer 
layer will directly affect the yield of working devices. The 
second measure of growth reproducibility is the quality 
of the 2DEG, for which mobility is generally a good 
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criterion. The electron mobility is a sensitive measure of 
interface and overall material quality and directly alfects 
the speed and overall performance of the HEMT devices. 

Growth and mobility data resulting from about fifty 
growth experiments for HEMT structures will be ex- 
amined statistically to assess yield and reproducibility, 
and to look for trends that link quality and reproduc- 
ibility, to key growth conditions. The impact of some 
important growth conditions, such as carbon doping of 
the thick buifer layer and the optimal growth tempera- 
ture, will be discussed. 



2. Experimental conditions 

Growth of GaN epilayers and HEMT structures was 
performed with a custom-built MBE system equipped 
with an additional UHV magnetron sputter epitaxy ca- 
pability. Magnetron sputter epitaxy was employed for 
depositing a thin (^^200 A) AIN nucleation buifer layer, 
which was then followed by the MBE growth of the 
GaN epilayers or HEMT structures. Ammonia was used 
as the nitrogen source and its flow rate was controlled in 
the range of 1-140 sccra by an electronic mass-flow 
controller, DC reactive sputter deposition of the AIN 
nucleation layer was carried out using a high purity Al 
target, 50 W power, 15 seem ammonia, and 40 seem of 
Ar, at a substrate temperature of SSC^C. For the MBE 
growth, ultra-high purity Ga (99.999999%) and Al 
(99.9999%) were used for the effusion sources. Silane 
was used as the silicon dopant source. Methane was used 
as the carbon dopant source, and a low-energy saddle- 
field ion source was used to crack the methane and 
achieve effective carbon incorporation. Substrates were 2 
in. diameter sapphire wafers back coated with heat ab- 
sorbing Mo coatings. Growth temperature was mea- 
sured by a pyrometer with emissivity set to 0.7. Growth 
rate was monitored using in situ laser reflectometry. 

Hall-effect measurements were performed on 5 x 5 
mm size samples using the Van der Pauw geometry. 
Photolmninescence spectra were measured with a He- 
Cd laser as the excitation source while X-ray diffraction 
chamcterization was performed using a Phillips high- 
resolution triple-axis diffractometer. 



3. Reproducible growth of the insulating buffer layer 

Native nitrogen vacancies and residual impurities 
such as silicon and oxygen lend a strong tendency of n- 
type autodoping to GaN epitaxial materials. The back- 
ground doping concentration is typically higher than 
1 X 10'^ cm'"^ even under optimal growth conditions. 
One way of neutralizing these background electrons in 
order to achieve highly resistive materia] is to modify 
certain structural defects such as dislocations and grain 
boundaries. Certain defects or defect-impurity com- 
plexes are acceptor-hke, thus compensating or trapping 
electrons [9-11]. Irreproducibility arises, however, be- 
cause the nature and densities of the structural defects 
are difiicult to control in typical growth experiments, in 
the case of ammonia MBE growth, lowering the growth 
temperature can generally introduce acceptor-like de- 
fects, which lead to more resistive films. Table 1 sum- 
marizes some results from our growth experiments 
aimed to look at the effects of different growth temper- 
atures, which revealed this trend. Reducing the growth 
temperature by 50-100°C from the ideal temperature 
used for high mobility materials, caused an increase in 
resistivity accompanied by broadening of the X-ray 
rocking curve width, and a reduction in the intensity of 
the band-edge emission relative to the yellow lumines- 
cence. In addition^ a lower ammonia flux appeared to be 
more favorable for achieving higher resistivity when 
growing at lower than optimal temperatures, as can 
be seen from the comparison of the third and fourth 
samples in Table 1. However, the resistivities of the in- 
tentionally undoped GaN layers grown at low temper- 
atures, were far from being reproducible or sufficiently 
high for HEMT applications. 

On the other hand, carbon doping provides an ex- 
cellent solution to the reproducible growth of the insu- 
lating buffer layers, as well as for the high-quality 
HEMT. Carbon atoms substituting nitrogen sites create 
deep acceptor centers in GaN [12,13] and thus can 
provide the necessary compensation for the residual and 
native donors in GaN epilayers. Using a methane flow 
rate of 1-2 seem and an anode voltage of 800 V for the 
ion source, we achieved carbon incorporation in the 
GaN epilayers at concentrations in the low to mid-lO'* 



Table 1 



Effect of growth temperature and carbon doping on resistivity and other properties of GaN fihns grown by ammonia MBE 
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Growth temper- 


NH3 (seem) 


Resistivity 
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PL intensity 
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yellow) 


Undoped GaN 


900 


50 


0.078 


303 


39 


Undoped GaN 


850 


6 


30.7 


538 


21.6 


Undoped GaN 


790 


6 


516 


576 


5.6 


Undoped GaN 


790 


50 


1.5 


560 


1.4 


C-doped GaN 


900 


50 


10« 


573 


0.14 
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cm"^ range as measured by secondary ion mass spec- 
troscopy (SIMS). These values were higher than the 
usual background donor concentrations. Ionization of 
the methane gas was found necessary to achieve any 
detectable incorporation of carbon into the growing 
films [14]. The fact that neutral methane does not result 
in carbon incorporation is an advantage, in that there is 
essentially no memory effect with this dopant gas. The 
C-doped GaN epilayers were extremely resistive with 
resistivities generally higher than 10^ ft cm. The growth 
of insulating C-doped GaN is highly reproducible, and 
does not require any reduction in growth temperature. 
In fact the ideal temperature for growing C:GaN was the 
same as that used for growing high mobility GaN layers, 
i.e. 900*'C at ammonia flow rate of 50 seem. 

Broadening of the X-ray rocking curve FWHM and 
quenching of the band-edge exciton emissions were ob- 
served in the C-doped GaN layers (see Table 1 ). It is not 
excluded that structural defects caused by ionic effects 
have also contributed to the compensation of residual 
donors in the films. However, structural defects alone 
do not provide reliable or sufficient compensation for 
electrons, because many of the structural defects such 
as dislocations and grain boundaries could be both a 
source of compensating centers, and at the same time a 
ghetto for unwanted impurity and native donors. The 
role of carbon as a deep acceptor center is still essential 
in ensuring total compensation of all electrons in the 
MBE grown GaN films. 

4. Reproducible growth of the high-quality channei layer 

Although the insulating C-doped GaN technique 
provided the basis for a reproducible, high-yield ap- 
proach to MBE-grown GaN HEMTs, another crucial 
step was the ability to grow a thin, high-quality, nomi- 
nally undoped GaN channel layer on the insulating 
buffer layer, since the latter contains a high level of 
compensation and is not suitable for use as the chan- 
nel material. Our experiments demonstrated that such 
channel layers could be grown with excellent material 
quality and surprisingly high reproducibility. 

The Hall-effect measurement shown in Fig. 1 indicate 
excellent transport properties of a 4000 A, silicon-doped, 
GaN channel layer grown on a 2 jim thick C:GaN buffer 
layer. The carrier density is in the 10'^ cm"^ range, and 
shows a well-defined thermally activated dependence on 
temperature, a behavior typical of bulk, non-degenerate 
semiconductors. The bulk (three-dimensional) electron 
mobility in the channel layer is 470 cm^ V"' s"' at room 
temperature, and the peak value is over 1000 cm^ V"' 
s"'. Photoluminescence measurements revealed intense 
excitonic emissions from the channel layer in contrast 
to the quenched band-edge emissions in the C-doped 
buffer layer. This indicates that there was very little 
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Fig, 1. (a) Temperature-dependent Hall mobility, and (b) car- 
rier density measured of a 4000 A thick, Si-doped GaN chamiel 
layer grown on an insulating C-doped GaN template. 

memory effect of the carbon species when the growth 
proceeded from the C-doped buffer to the channel layer. 
TEM studies also confirmed that the channel layer had 
much fewer threading dislocations than the underlying 
buffer layer. 

The high-quahty channel layer proved to be very 
reproducible provided that the growth temperature was 
precisely controlled. For most growth experiments, the 
ammonia flow rate was set to 50 seem, while the material 
quality was optimized via the growth temperature. We 
found that as the growth temperature was raised, the 
growth rate remained constant up to 880°C, above 
which the growth rate began to decrease rapidly. 
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Growth Temperature (C) 

Fig, 2. Effect of growth temperature on growth rate for GaN 
grown by ammonia MBE. The shaded area marks the tem- 
peratures range ideal for achieving optimal growth quality and 
high mobility. 

reaching zero at 960**C, as shown in Fig. 2. The tem- 
perature range for growing the high-quality GaN layers 
was found to be very narrow, only about 10-20°C, and 
coincided with the onset of the rapid growth rate de- 
cline, as indicated in Fig. 2. For layers grown just 
slightly below this temperature range, a significant drop 
in crystalline quality as well as electron mobility was 
observed. Growth at temperatures higher than that, on 
the other hand, led to hazy, rough films usually with 
reduced electron mobility. 

The decline of growth rate at high temperatures was 
due to increased desorption of both Ga and N, but most 
importantly N, from the film surface. According to the 
findings of some recent studies [15,16], the desorption 
rate of N increases with temperature much more rapidly 
than does that of Ga. Thus with increasing temperature 
the growth process quickly becomes deficient in nitrogen 
and the growth rate starts to be limited by the nitrogen 
supply. The data in Fig. 2 showed evidence for this trend. 
At QeO'^C, the growth rate dropped to zero when a 50 
seem ammonia flow rate was used, but again increased to 
0.4 ^imh"' at this temperature after the ammonia flow 
rate was increased to 140 seem. This clearly indicates that 
the growth rate was limited by the nitrogen supply at this 
elevated temperature. At the temperature where the 
growth rate begins to drop, however, the ratio of the Ga 
desorption rate to the N desorption rate becomes similar 
to the 111/V ratio in the supplying fluxes, leading to the 
balanced, near equilibrium growth condition described 
in recent modeling work on GaN growth [16]. This is 
probably why this temperature was optimal for the 
growth of the high-quality channel layers. 

With in situ monitoring of the growth rate using a 
laser reflectance setup, we have been able to control the 



growth temperature in the very tight range discussed 
above, and have achieved high reproducibility of the 
channel layers grown on C-doped GaN bufier layers. 



5. Mobilities of the high-electron-mobility-lransistor 
stractores 

Following the growth of the insulating GaN buffer 
layer and the undoped GaN channel layer as described 
in the preceding sections, an HEMT structure was 
completed by the subsequent growth of a barrier layer of 
the larger band gap AlGaN. The HEMT structures 
grown using this approach demonstrated excellent elec- 
trical properties, high yield and reproducibility. 

Fig. 3 gives an example of the excellent electrical 
properties of an HEMT structure grown with 2 ^m 
C:GaN bufier, 2000 A GaN channel, and 130 A AlGaN. 
The sheet carrier density measured by Hall eifect was 
almost constant with temperature as shown in Fig. 3(a), 
indicating the existence of a 2DEG and the absence of 
other parallel conduction paths. The room temperature 
mobility was 1284 cm^ V^' s-^ The mobility at 77 K was 
7120 cm^V's"' for a sheet electron density of 
3.9 X 10'^ cm"^ as measured. 

Over the last year, we have performed about 50 
growth experiments for the HFET structures using the 
approach outlined here. Fig. 4 presents a statistical 
summary of the room temperature mobilities of the 50 
HEMT structures grown. About 75% of the growth 
experiments yielded electron mobilities higher than 800 
cm^V"'s-'. This yield of high mobility structures is 
quite satisfactory considering that the statistics shown 
include samples of various structures and prepared un- 
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Fig. 3. Temperature-dependent Hall-eflect data measured from 
a high quality HEMT structure ^own with 2 \aa C:GaN buffer, 
2000 A GaN channel, and 130 A AlGaN. 
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Table 2 

Mobility and carrier density values for five consecutively grown 
GaN HEMT samples with nominally identical sample structure 
and growth conditions 



T r 

0 10 20 30 40 50 
Sample Number # 

Fig. 4. Statistics of room temperature mobility of all 50 GaN 
HFET structures grown by ammonia MBE over one year pe- 
riod. The dashed line separates the samples with mobilities over 
800 cm^ V"' s"' from those with lower mobilities. 



der different growth conditions. These also include failed 
HEMT structures grown under, what was later found to 
be grossly off-ideal conditions. This indicates that the 
growth technique is quite robust and error tolerant. 

The thickness of the C:GaN buffer was kej3t at 1.5- 
2.0 fim. The channel layer thickness was 2000 A for most 
samples, but thicker channels of up to 4000 A were used 
for some samples. The thickness of the AlGaN layer was 
varied between 80 and 500 A, although a typical thick- 
ness of 150 A has been used for the ihajority of the 
samples. The Al concentration in the barrier was varied 
between 8% and 50%, The AlGaN barrier was doped 
with silicon only for some of the samples, in most 
samples, the AlGaN layer was not intentionally doped, 
and the 2DEG was formed primarily due to the piezo- 
electric and spontaneous polarization effects. 

The HEMT samples with too high Al concentration 
(>40%) in the barrier and with barrier thickness greater 
than 200 A were prone to relaxation of the pseudo- 
morphic strain between GaN and AlGaN, which could 
lead to significant degradation of the 2DEG and dra- 
matically reduced electron mobility. Preventing such an 
overshoot in the Al concentration depends on good 
control of the Al flux,^ which was complicated by the 
strong tendency of Al creeping out from its crucible 
under the high ammonia environment. To resist the Al 
creeping problem, specially designed Al cells with water- 
cooled lips proved to be quite effective and resulted in a 
better control of the Al flux. 

Doping the AlGaN barrier with silicon (to 10'®-10'^ 
cm"' level) also resulted in a slight decrease in room 
temperature mobility, typically 10-20% as observed. 
A doped AlGaN barrier is sometimes preferred for 
achieving a low contact resistance at the source and 
drain of the HFET. 



HEMT no. 




;i(cm2V-'s-') 


1 


1.58 


980 




1.52 


958 


3 


1.60 


976 


4 


1.48 


1008 


5 


1.51 


1016 



Run-to-rim reproducibility of nominally identical 
HEMT structures has also been tested. Five consecutive 
growth runs aimed at reproducing the same HEMT 
structure under nominally identical growth conditions 
have been performed, and yielded very uniform mobility 
and sheet carrier density values with quite small scatter 
from run to run. The growth structure aimed for consists 
of 2 Jim C-doped insulating GaN buffer layer, 2000 A 
GaN channel layer, and an AIo.3Gao.7N layer comprising 
of 40 A spacer region, 40 A cap region, and 60 A donor 
region doped with Si to 5 x 10'^ cm"^ The measured 
mobility and sheet carrier density data are given in Table 
2. From these five growth runs, the scatter in the elec- 
tron density values was less than 7,5%, and the variation 
in the electron mobility values was within 5.7%. 

A consistent correlation between mobility and sheet 
carrier density was observed in these HEMT samples. 
. Fig. 5 shows the vs. w data for all the high mobility 
samijles, while low mobility samples resulting from non- 
ideal or failed growth are excluded in order to reveal the 
trend. The room temperature mobility showed a small 
but consistent decrease with increasing carrier density 
(Fig. 5a). The trend was more dramatic for the mobility 
measured at 77 K. As shown in Fig. 5b, the 77 K mo- 
bility was substantially higher in samples with low sheet 
carrier densities than in samples with high sheet densi- 
ties. Such a trend indicates that the AlGaN layer was an 
important source of scattering in these structures, since 
the density of the 2DEG corresponds to the same den- 
sity of parent donors in the AlGaN layer. In addition, 
the density of the 2DEG was found to correlate closely 
with the Al concentration in the AlGaN barrier, indi- 
cating the 2DEG was largely induced and confined by 
the piezoelectric field. A larger Al concentration in the 
AlGaN layer leads to larger alloy disordering, a higher 
density of interface charges, larger potential fluctuation 
at interface due to roughness, and thus causes a lower 
mobility. At higher sheet carrier densities, the 2DEG 
will also be confined closer to the interface, thus more 
exposed to scattering by interface roughness, interface 
charge (piezoelectric) and alloy disorder [17,18]. There- 
fore, improving the quality of the AlGaN layer and the 
interface smoothness is paramount to achieving even 
higher electron mobility in these HEMT structures. 
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Fig. 5. Two-dimensional electron mobility vs, electron sheet 
density, (a) at room temperature, and (b) at 77 K, for GaN 
HFET structures grown by ammonia MBE. 



Devices fabricated from these wafers showed very 
good yield and consistency. Excellent device character- 
istics both in DC and rf mode have been obtained. The 
device results will be reported elsewhere. 



6. Conciusion 

The growth of high-quality GaN HEMT structures 
by reactive MBE using an approach emphasizing high 
yield and reproducibility has been described in detail. 
Several key growth conditions necessary for achieving 

roduciblej 




ability to grow reproducibly a thin channel 



layer of high material quality provided the basis for 
achieving high mobility 2DEGs desirable for HEMT 
devices. Growth temperature was found to be a key, 
sensitive growth parameter that needed precise control. 
The optimal growth temperature was determined to be 
at the onset of growth rate decline due to accelerated 
thermal decomposition at high temperature. The mo- 
bilities of the HEMT structures showed a consistent 
decline with increasing carrier density, especially at 
cryogenic temperatures. 
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Growth of high-performance GaN modulation-doped field-effect transistors 
by ammonia-molecular-beam epitaxy 
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The growth of AlGaN/GaN modulation-doped field-effect transistors (MODFETs) by 
ammonia-molecular-beam epitaxy on sappliire substrates is reported. C-doped GaN (2 fjm thick) 
was used as the insulating buffer layer in the device structures. The MODFET structure was 
completed by the subsequent growth of 2000 A of undoped GaN as the channel layer and 130 A of 
Al^.Gai„^N(0. 1^x^0.3) as tlic donor barrier layer. Sheet carrier densities of up to 2 
XlO^^cm"^ with mobility of -1000 cmWs liave been achieved even without doping flie 
AI^Gai..yN bai-rier, indicating a large piezoelectric effect and excellent interface quality The 
MODFET layers gro^Ml exhibited a unique surface morphology showing very flat plateaus with rms 
roughness of 0.8 xm\ on the plateaus and rms roughness of 8 imi over a larger area. A 100-/tim-wide 
device wth a 1 /^m gate length exhibited a maximum dc current drive of 0.9 A/mm, a peak 
transconductajice of 160 mS/mm, a current gain cutoff frequency of 15.6 GHz, and a maximum 
oscillation frequency of 49.4 GHz. The high dc and rf performance is attributed to the high 
two-dimensional electron mobility, high sheet charge density, and insulating property of the 
C-doped GaN buffer. [80734-2101(00)05402-6] 



I. INTRODUCTION 

AlGaN/GaN modulation-doped field-effect transistors 
(MODFETs) are an ideal candidate for high-power and high- 
frequency applications. Compared with GaAs, GaN has a 
greater electron saturation velocity, a higher breakdown 
field, and much higher thermal and chemical stability.* 
Moreover, due to a larger conduction-band discontinuity at 
flie GaN/AlGaN interface, it is possible to achieve a two- 
dimensional (2D) electron gas with a sheet carrier densit>' 
much higher than in conventional Ili- V heterostructures. In 
file last few years, the performance of GaN MODFETs has 
been rapidly advanced to a state-of-the-art level. Tlie success 
includes setting new records of microwave power capability 
in the S, X, and K band.*^"^ and achievement of a current gain 
cutoff frequency of >50 GHz, and a power gain cutoff fi-e- 
quency of > 100 GHz.^"^ 

. GaN/AlGaN MODFETs with promising dc and rf perfor- 
mance have been demonstrated using both tlie metal-organic 
chemical-vapor deposition (MOCVD) and moiecular-beam 
epitaxy (MBE) growfli techniques.^^^ Tlie growth of such 
device stmctures presented a number of challenges. One 
critical issue is the growth of a thick semi-insulating GaN 
buffer layer. The thick buffer is necessary so that the channel 
area is well separated fi-om the defective GaN/substrate in- 
terface. As well, an insulating buffer is essential for low-loss, 
high-performance rf devices. To date, very little data have 
been reported on how to grow highly resistive GaN layers. A 
second issue is the electron mobility wliich has a direct im- 
pact on the firequency response of flic devices. Earlier works 
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on MBE-grown GaN MODFETs reported a relatively low 
mobility for a 2D electron gas. Recently, however, an 
AlGaN/GaN 2D electron gas grown by MBE with mobiUty 
comparable to the record values set by the MOCVD tech- 
nique lias been reported, underscoring the potential of the 
MBE technique for developing. GaN power and high-speed 
devices..^^;^^ 

In this article, we report on the grov^'th of AlGaN/GaN 
MODFETs by ammonia MBE using the C-doped GaN buffer 
layers. High 2D election mobilities of >1000 cm^/Vs and 
high sheet carrier densities up to ~2X lO^^cm"^ were ob- 
tained for the heterostructures grown by this approach. The 
electrical measurement datii and surface morphology of the 
MODFET layers are presented. MODFETs have been fabri- 
cated using photolithography to achieve a gate length of 
about 1 fim. The devices exhibited very promising rf perfor- 
mance even at this relatively large gate length. 



IL EXPERIMENT 

The growth system used in this study was a molecular- 
beam epitaxjVmagnetron sputter epitaxy (MBE/MSE) dual- 
mode system. Tlie MSE technique has been found to be a 
suitable technique to deposit a tliin AIN nucleation layer for 
the heteroepitaxy of GaN on sapphire, and has been em- 
ployed in achieving a record high buUc mobility of MBE- 
grown GaN.^-* A technique of carbon doping to obtain highly 
resistive GaN was also developed.^" Methane gas injected 
into a saddle field ion gun was used for the carbon dopant 
source. It was discovered that cracking of methane by the 
ion source was needed to obtain sufficient carbon 



652 J. Vac. Sci. Technol. A 18(2), Mar/Apr 2000 0734-210 1/2000/1 8(2)/652/4/$1 5.00 



652 



653 



Tang, Webb, and Bardwell: Growth of high-performance GaN MODFETs by ammonia -MB E 



653 



ri/AI 



Pt/Au 



Ti/AI 



10* 





llllllllllll ■ 1 IIIIIIIIIII 






130A AIGaN 






2000 A GaN 






2 C:GaN 




200AAIN 


Sapphire 



Fig. 1. Schematic structure of the AlGaN/GaN MODFETs grown by 
ammcnia-MBE. 



incorporation.^^ TIae ion source provides a low-energy ion 
flux witti kinetic energy contiollable by an anode voltage 
between 0 and 1000 V. 

The layer structure of the MODFETs grown is illustrated 
in Fig. i . 2 in. sapphire wafers were back coated with mo- 
lybdenum to facilitate radiation heating as indium-free sub- 
strate mounting was employed. The sapphire substrate was 
degreased in chloroform for 15 min, dipped in HF:H20 
(1:10) for 1 min, and rinsed in DI water for 10 min before 
being dried and loaded into the growth system. Nitridation of 
the sapphire surface was performed at 1000 '^C and 100 seem 
ammonia. The growth sequence was as follows. First, a 200 
A AlN nucleation layer was deposited at 880 ^'C by MSE 
under 40 seem Ar and 15 seem ammonia. Then, a l-fjm- 
thick, C-doped GaN layer was grown at 910 by MBE 
using 50 seem ammonia and 950 V anode voltage for a 
mettiane flow of 1 seem, followed by 2000 A of undoped 
GaN and 130 A of AIGaN using the same growth parameters 
of temperatiu'e and ammonia flow rate. Note that all tempera- 
ture values in tliis article were measured with a pyrometer 
with emissivity set to 0.3. The growth rate for the C-doped 
GaN was 1 /jm/h. During the growth of the channel layer, 
the growth rate was ramped from 1 to 0.5 fumAi. 

Large sheet carrier densities were measured even without 
intentional doping of the AIGaN barrier, indicating a strong 
piezoelectric effect. The nominal Al fraction in the barrier 
was varied between 10% and 30% for the samples studied. 
The nominal values of the Al fraction were estimated from 
the respective AlN and GaN growth rates. 

The MODFET layers were characterized by Hall-effect 
measurements using a Van der Pauw geometry with an ap- 
plied field of 3 kG on 5 X 5 mm samples wiih soldered in- 
dium Ohmic contacts. 

The processing of MODFET de^dces from these layers is 
reported in detail in another article.^^ Mesa isolation was 
achieved with chemically assisted ion-beam etching. Ohmic 
contacts on tlie source and drain were a Ti/Al 300 A/800 A 
double stack, annealed at 900 ""C for 30 s in nitrogen. For the 
gate Schottky contacts, 300 A of sputtered Pt backed up with 
1000 A/2000 A of e-beam evaporated P</Au was used. 

ill. RESULTS AND DISCUSSION 

The C-doped GaN layers grown using 1 seem mefliane 
and 950 V extraction voltage exhibited high resistivities in 
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Fig. 2. Room-temperature and 77 K mobility against sheet carrier density 
for a series of AlGaN/GaN MODFET structures with mdoped AiOaN bar- 
riers grown on sapphire (0001) substrates. 



tlie range of 10^- 10^ H em, as measured by the van der 
pauw method using high impedance electrometers. Second- 
ary' ion mass spectroscopy analysis found 1 X 10^^ cm"^ C 
in these layers. 

In Fig. 2, the room-temperature (RT) and 77 K mobilities 
are plotted against sheet carrier densities for a series of 
MODFET structures grown witli different carrier densities. 
The highest sheet carrier density is about 2XI0*-^cm"^ 
achieved in samples with 30% Al in the AIGaN barrier, 
which is slightly higher than most other rcix)rted values in 
the literature. The RT temperature mobility shows only a 
slight decrease with increasing carrier density. The RT rao- 
bihty is maintained at 5^ 1000 crv?fV s for carrier densities up 
to 1.8X 10^^ cm^l Tlie high mobility at RT is important for 
the speed of the devices operating at room temperature. Tlie 
mobilit\^ at 77 K, however, shows a more sensitive depen- 
dence on carrier density. It increases significantly when the 
carrier density decreases from 2 X lO*"' to 5 X 10^^ cm"^. 

The layers with high sheet carrier densities (~2 
XlO^-'cm"^) were used for device fabrication to achieve 
high-power and higli-frequency performance. Figure 3 shows 
the temperature-dependent Hall mobility and carrier density 
for such a sample. Tlie neaaly constant carrier density as a 
ftmction of temperature confirms no parasitic conduction in 
the C-doped buffer. The monotonic increase of mobility with 
decreasing temperature is another indication of the modula- 
tion doping where tihe 2D electim gas is spatially separated 
from the donor ions. 

The MODFET layers exhibited an interesting surface 
morphology. Figure 4 shows the atomic force microscopy 
(AFM) image of the surface of the sample studied in Fig. 3. 
The AFM picture reveals grains about 0.5 /xm in size with 
extremely flat tops. The overall roughness (rms) is 8 nm, 
however, the rms roughness on the flat plateau is only 0.8 
nm. We believe the surface flattening of the layer occwed 
during the growth of the 200-nm-thick chaimel layer, where 
the growth rate was ramped from I to 0.5 fjm/h. High tem- 
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Fig. 3. Temperature dependence of Hall-effect mobility and sheet carrier 
density for an AlGaN/GaN MODFET layer used for fabricating devices of 
high-firequency and high-power capadties. 
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Fro. 5. Drain I-V characteristics of a device fabricated from the MODFET 
layer in Fig. 3 with a 1 jjbm gate length, and two gate fingers widi a total 
width of 100 fim. The gate bias was sw^t from 1 to -5 V in steps of 
-1 V. 



perature and small growth rate seem to promote the two- 
diimeiisional growth leading to the very flat plateaus. It 
w^ould be extremely desirable if the atomicail}'^ flat area can 
be extended to fill the whole surface area. Work is being 
done to further enhance the surface smoothness. 

Tlie devices fabricated from the MODFET layer in Fig. 3 
exhibited very good do and rf chjuracteristics. Figure 5 shows 
the dc drain output characteristics measured on a device with 
a two finger X50-/>tm-wide design and a measured gate 
length of 1 /xm. Tlie measured I-V output characteristics 
with set to 1 0 V exhibited a pinch-off voltage of - 5 V 
and a peak transconductance of 160 mS/mm. A maximum 
drain current of 0.9 A/mm was also measured. Hie ability to 
achieve such high drain current densities is attributed to the 
high sheet charge densitj^ of the 2D electron gas. The nega- 
tive differential output conductance observed at higji drain 
current is due to self-heating in the channel, as the sapphire 
substrate is not a good thermal conductor. The heating prob- 
lem could be largely relieved by using SiC sub.strates.^'^ 

The rf characterization of this device at room temperature 
showed a current gain cutoff frequency (f x) of 15.6 GHz, 
and a maximum oscillation frequency (/mjo) of 49.4 GHz. 
These are excellent rf characteristics considering the rela- 
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Fro. 4. AFM image of the surface of the MODFET Jayer in Fig, 3. 



tively large gate length (1 /xm) used. The excellent rf perfor- 
mance is attributed to the high mobiUty and high density of 
the 2D electron gas, and also to the semi-iusulatiog property 
of the C-doped GaN buffer. A conducting buffer layer not 
only will cause leakage current but also can induce pai'asitic 
capacitance that could degrade the rf performance. In fact, 
the drain-to-source capacitance for this device was found to 
be as low as 8X 10"^^F/)ttm^. This confirms the C-doped 
GaN is extremely resistive. 

Full details of the rf performance characterizations at a 
range of temperatures are pubhshed elsewhere. To obtain 
maximum rf performance, e-beam lithography will be re- 
quired to achieve a much smaller gate length. 

IV. CONCLUSION 

The growth of high-performance AlGaN/GaN MODFETs 
by ammonia MBE is demoiKtrated A 100-/*m-wide device 
with a gate length of 1 fjum exiiibited a saturation drain cur- 
rent of 0.9 A/mm, a peak transconductance of 160 mS/mm, a 
current gain cutoff frequency of 15.6 GHz, and a maximum 
oscillation frequency of 49.4 GHz. The excellent dc and rf 
characteristics are attributed to the high mobilit}' and high 
sheet charge density of the 2D electron gas in the structures 
grown, and to the insulating C-doped GaN buffer used in this 
work. 
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ABSTRACT 

We report on results of low-temperature photoluminescence measurements performed on 
^-^^ fil ms, grown by moleci ily^f^agj^^ji to 

the p-doped samples, the sharpness of the donor-acceptor-pair 
transiB^PCTHIKB^^ phonon replicas are clearly resolved, A transition band occurs 
around 3,4 eV, which becomes dominant for samples with an np-layer structure. The 
position and the composition of the near band edge transitions are influenced by the 
growth of the buffer layers. Depending on the growth conditions a transition at 3 51 eV 
can be observed. 



INTRODUCTION 

The interest in GaN for appUcation in optoelectronic devices, i.e., Ught-emitting 
diodes, has rapidly grown in recent years. The performance of the pn-junction of a diode is 
strongly related to the quality of the doped layers. Furthermore it has been shown [1 2] 
that stress, which is caused by the lattice mismatch between layers and substrate by 
differences in thermal expansion coefficients and point defects, has a significant influence 
on the optical properties as well as on the doping properties [3]. In this respect 
investigations have shown that the growth of the buffer layer plays an important role in 
strab engineering [1,4]. The systematic control of the strain becomes more complex with 
^"^^^^^sSHIO!^'' different layers. 

stress present in the film [3], which is determined by the buffer layer. In order to study this 
influence, p-type and np-type structures were grown on top of different buffer layere, 

EXiPERIMENTAL 

The GaN samples under investigation are MBE-grown using a Riber 1000 chamber 
Ga. Mg and Si are evaporated from Knudsen ceUs and the activated nitrogen is provided 
by a CGD plasma source [6]. To guarantee a homogeneous heat distribution, a thin 
titamum (Ti) layer is evaporated on the back of the sapphire substrates. First the substrate 
IS mtndated at around 700 ""C and then a thin GaN buffer layer with a typical thickness of 
20 nm grown at 500 °C is deposited on it. Subsequently the main epitaxial GaN layer is 
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grown. Typical growth conditions are: Ga source temperature 1210 K. N flow rate 5 - 80 

'"'""por this study the MBE growth process of Mg doped GaN. S^J^^^^^^^^ 
buffer layer was optimized in order to gain high Mg incoiporation and p-type mobility 
?We H of T^bte 1). Furthem^ore a set of np-structures was produc^ The th^knesse 
Ste gro^h condi ions of the buffer layers were varied. On the buffer layer first aSi 
dop^ gTL (n-type) and subsequently a GaN:Mg film (p-type) was grown. The 
following table gives an overview of *e studied samples. 

Table I: Growth parameters of the samples under investigation. 



name 


buffer laver 


T(Si) rci 


t(m^)E:ci 


PI 


6.3 nm.T=500°C 


/ 


280 "C 


NPl 


U.6 nm.T=450''C 


1090 °C 


320 "C 


NP2 


7.3 nm.T=450''C 


1090 "C 


320 "C 


NP3 


14.6nm.T=350-C 


1090 °C 


|320'C 



The thickness of the GaN:Mg layer of sample PI is 600 nnn. and the total thickness 
of the^ sSfs is 880 nm. The Mg- and Si-doped layers of the NP-samples are 
resoectively 300 nm and 580 nm thick and they were grown in the same mn. 

Se photoluminescence measurements were performed at low ten^-^"-^^^ 
using a varfcible temperature (4 - 300 K). The samples are excited by a 50 W HeCd ^er 
S with a wavelength of 325 nm (3.8 eV). The spectrum of the photoluminescence hght 
wrdTspersed by a double monochromator and detected by a UV photomultipher ui 
combination with a lock-in amplifier. 



RESULTS AND DISCUSSION 

Typically, the spectrum of the investigated samples can be divided tato four regions^ 
A broad emisri^n betWen 2.2 and 2.5 eV. the donor-acceptor-pair (D^) 
?s zero-phonon line (ZPL) located at 3.27 - 3.29 eV accompanied ^ to 3 LO ph^^^^ 
replica, a band around 3.4 eV and several band edge related enussions between 3,45 eV 
and 3. 52 eV are visible. 

Photoluminescence of p-tvpe GaN 

The photoluminescence of the Mg doped GaN sample (PI), which has a carrier 
density of [pl=MO" cm"' and a carrier mobility of 6 cm'/Vs is shown in Fig. 1. In the 
region of 2 8 - 3.3 eV the donor-acceptor-transition (DAP) has an extraordmaiy sharpness 
tSe three phonon repUca of the zero-phonon line (at 3.275 eV) are Nearly resoWed. 
The near band edge transitions have a relatively low intensity, as is "!;^y f P««f 
tZ GaN layers. The exact position of the donor bound exciton (D«X) depends on he 
:^s t)resent in the layer. From the shift of the Raman mode, the energy position of the 
^ cr^c^cuMed^ll] and can be used to identify th^line in the photdumj^e^^™^ 
spectrum, which is expected to be at 3.467 eV in a stress fiee layer at 4 K. For the sample 
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shown in Fig. 1, a stress of 0.71 GPa was determined. Taking a stress coefficient of 27 
meV / GPa into account the position of the line is calculated to be at 3.486 eV. 

The photoluminescence signal of the near band edge region (Fig. 1), reaches a 
nnaximum at 3.480 eV. This transition, however, decreases strongly with increasing 
temperature (see Fig. 1(b) ) and already at 30 K a second transition at 3.486 eV becomes 
dominant, which can, in accordance with the Raman measurements, be identified as the 
D*^ transition. The other transition is located 6 meV below the D^X and can, according 
to Ref.[7], be assigned to an acceptor-bound exciton (AX). At low tenperatures this AX 
transition is even much stronger in intensity than the D**X transition, which is consistent 
with the fact that this sample is p-type. 

For the interpretation of the relatively weak transition, which occurs around 3.39 
eV, we refer to the next section, where it is discussed in comparison to the results 
obtained on np-structures. 




2.20 2.40 2.60 2.80 3.00 3.20 3.40 
Energy [eVJ 



Figure 1: The photoluminescence spectrum of a p-type MBE grown GdNMg 
sample, (a) In the spectrum a broad band in the region of 2 2 -2.8 eV, the DAP with its 3 
phonon replica (region 2.8 - 33 eV), and near band edge transitions are resolved, (b) 
The near-band edge transitions consist of the D^X (3.486 eV) and an AX (3480 eV) 
transition. 

Photoluminescence of np-structures 

In this section photoluminescence spectra are studied, which have been obtained 
fi-om films where a p-doped (Mg) GaN layer is deposited on top of a n-doped (Si) GaN 
layer grown on sapphire substrates with different buffer layers. As pointed out in Ref [8], 
stress in the GaN layer doped with Si as well as the Mg doped GaN film can be modified 
by the growth conditions of the buffer layer. The stress in the layer has on one hand an 
influence on the optical properties and on the other hand the amount of incorporated 
dopants can be changed. In order to study this behavior three different sanples with 
different buffer layers were grown (see Table 1). 

Since the thickness of the GaN:Mg layer is 300 nm the excitation light is mainly 
absorbed in the p-doped layer and consequently the photoluminescence spectrum is 
dominated by the light emission originating from the top layer. But still it can not be 
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totally excluded that some emission may be due to the depletion region and the Si doped 
layer. 

The spectra of Fig. 2 show a broad lununescence at around 2.5 eV, the donor- 
acceptor pair region PAP), transitions around 3.4 eV and near-band edge transitions. In 
the latter two regions we observe some notable differences in the spectra^ depending on 
the buffer layer. Certainly there is a difference in stress causing a shift of the D X 
transition. For sample NP3 an additional peak occurs at 3,51 eV, which we do not observe 
in other samples. The result of a temperature scan of the near band edge region is shown 
in Rg. 3. Two transitions, at 3.472 eV and 3.480 eV respectively, are present in the main 
signal, but they are so broad that they can not be resolved. A third transition at 3.51 eV 
however is well resolved. One possible cause for this peak could be due to the free C- 
exciton (FEc) transition. In Ref.t9,10] the relation of the energy positions of A, B and C 
excitons is shown. According to Ref,[9] the position of the A-exciton is supposed to be 
located at 3,480 eV and the B-exciton at 3.488 eV. In the PL spectrum of Fig. 3 the 
shoulder at 3.480 eV can indeed assigned to the FEa transition, however no FEb transition 
can be resolved. The fact that there is a good agreement of the temperature dependence of 
the position of the A-exciton of Ref.l91 with that of the NP3 sample, as shown in the insei 
of Fig. 3, strengthens this assignment (cf. also Ref.[lll), The characteristic of the high- 
energy peak (3.51 eV) foUows the slope of the A-exciton quite closely, indicating that they 
might be related. 




2.00 2.50 3.00 3.50 

Energy [eV] 



Figure 2: Photoluminescence spectra of MBE grown samples mth an np-structure 
(GaN:Mg layer is grown on top of a GaN:Si layer). The buffer layers were grown under 
different conditions (see Table I) . (a) The spectrum consists of a broad luminescence 
(around 2.5 eV), the DAP with its phonon replica (region 2.8 - 3.3 eV), transitions 
around 3 AO eV and near band edge transitions, (b) The region above 335 eV is shown in 
more detail. 

Another explanation, that this high energy peak could originate from a transition in 
the deptetion region, is rather unlikely, since this region should be very thin and 
consequently a potential emission should be very weak. 

In the region of 3.38 eV -3.43 eV of Fig. 2, one to three peaks are present. The PL 
intensity as well as the peak positions can be modified by the growth of the buffer layer. In 
order to study the origin of these transitions, excitation density dependent measurements 
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were performed. Fig. 4 shows the result obtained on sample NP2 in logarithmic scale, and 
though the intensity was varied over a factor of 24 no shift in the energy position could be 
seen. A free-to-bound (F-B) transition, as suggested in Ref.[12], should shift towards 
lower energies with decreasing intensity due to band filling and a broadening of the lines 
would be expected [13]. None of this is observed in our measurements and in accordance 
to Ref. [12] we ascribe these transitions to the recombination of shallow donor- acceptor 
(D^A) pairs. Tenperature dependent measurements show that the peak at 3.410 eV 
decreases strongly with increasing temperature and, at 28 K this peak is already masked by 
other transidons. 




1.42 3.44 3.46 3.48 3.50 3.52 3.54 
energy (eV| 



Figure 3: (a) Temperature dependence 
of PL spectrum of the near-band edge 
transitions for sample NP3 and (b) the 
energy position of the peaks as function 
of the temperature are shown. 
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Figure 4: The dependence of the PL 
spectrum on the excitation intensity of 
sample NP2 in the region from 337 eV - 
3 A3 5 is shown. The density was varied 
over a factor of 24, 
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As mentioned earlier, the PL emission of the np samples originates mainly from the 
p-doped layer and therefore it is expected that the spectra of the Mg-doped sample (Fig. 
1) are somehow related to those of the np-structures. Nevertheless the influence of the 
sub-layers on the stress, on optical properties and on the incorporation of Mg can be 
significant. Comparing Fig. 1 with Fig. 2 it can be seen that the spectra of sample NPl and 
sample PI are in good agreement. Both exhibit very well resolved phonon replicas of the 
DAP transition and the ratio of the near band edge PL signal to the DAP signal is very 
low, ^ical for p-doping. 
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Figure 5: The PL spectrum (in 
logarithmic scale) in the region 
from 3.35 eV to 3^5 eV of the p- 
type sample (PI) is shown in 
comparison to the np-structures. 
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The region above 3.35 eV is of special concern and therefore the speara are shown in Rg. 
5 in more detaiL Striking is the fact that, even in sample PI, there is a transition in the 
region of 3.4 eV (at 3.385 eV), but it is very weak compared to the signal of the np- 
structures. Depending on the buffer layer growth the intensity changes and this transition 
even becomes dominant for sample NP2. 



SUMMARY 

Photoluminescence signals of MBE grown samples consisting of a Mg-doped GaN 
(p-type) layer on top of a Si-doped GaN (n-type) layer were compared to the spectrum of 
a GaN:Mg layer grown direcUy on a GaN buffer layer. The DAP transition in the 2.80 - 
3.38 eV region and its phonon replica are very weXi resolved and typicafly dominate the 
spectra. In the region of 3.38 eV - 3.43 eV shallow donor-acceptor pair recombination 
transitions are observed, which become significant in intensity for np-structures. 
Depending on the growth conditions of the buffer layer an additional transition at 3.51 eV 
is observed. Based on temperature-dependent measurements we suggest that this line is 
due to a FEc exciton. 
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CLAIMS 



[Claim(s)] 

[Claim 1] The substrate which is the semiconductor device which has a nitride system compound semiconductor, and 
consists of silicon or a silicon compound, The semiconductor region for semiconductor devices containing at least one 
nitride system compound semiconductor layer which has been arranged on one principal plane of said substrate, and 
has been arranged on a buffer layer and said buffer layer, the 1st main electrode, 2nd main electrode, and control 
electrode which have been arranged on the front face of said semiconductor region for semiconductor devices ~ having 
said buffer layer - chemical formula AlxMyGal-x-yN - at least one sort of elements with which it is here and said 

M was chosen from In (indium) and B (boron), x + y ^ 1 

the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
AlaMbGal-a-bN - at least one sort of elements with which said M was chosen from In (indium) and B (boron) here 

0^b<l, 

the numeric value to satisfy and the semiconductor device which comes out and is characterized by consisting of a 
compound layer with the 2nd layer which consists of the ingredient shown. 

[Claim 2] It is the semiconductor device according to claim 1 characterized by for said 1st layer consisting of AlxGal- 
xN, and said 2nd layer consisting of AlaGal-aN. 

[Claim 3] It is the semiconductor device according to claim 1 characterized by for said 1st layer consisting of 
AlxInyOal-x-yN, and for said 2nd layer consisting of AlalnbGal-a-bN, and containing In (indium) at least in one side 
of said 1st and 2nd fayers. 

[Claim 4] It is the semiconductor device according to claim 1 characterized by for said 1st layer consisting of 
AlxByGal-x-yN, and for said 2nd layer consisting of AlaBbGal-a-bN, and containing B (boron) at least in one side of 
said 1st and 2nd layers. 

[Claun 5] Said buffer layer is a semiconductor device according to claim 1, 2, 3, or 4 characterized by consisting of 
said two or more 1st and 2nd layers, and canymg out the laminating of said the 1st layer and said 2nd layer by turns. 
[Claim 6] A semiconductor device claim 1 to which thickness of said 1st layer in said buffer layer is characterized by 
the thickness of 0.5nm - 50nm and said 2nd layer being 0.5nm - 200nm, 2, or given in three. 
[Claim 7] The principal plane of the side by which said buffer layer of said substrate is arranged is a semiconductor 
device accordmg to claim 1 characterized by being the field to which it leans m -4 to +4 times from the field or (1 1 1) 
the field just (1 1 1) in field bearing of the crystal shown with Miller indices. 

[Claim 8] Said nitride system compound semiconductor layer is a semiconductor device according to claim 1 
characterized by being chosen from a GaN (gallium nitride) layer, an AlInN (indium nitride alummum) layer, an 
AlGaN (gallium nitride aluminum) layer, an InGaN (gallium nitride indium) layer, and an AlInGaN (gallium'nitride 
indium aluminum) layer. 
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[Claim 9] It is the semiconductor device according to claim 1 which said semiconductor region consists of two or more 
semi-conductor layers for forming a field-effect transistor, said 1st mam electrode is a source electrode, and said 2nd 
main electrode is a drain electrode, and is characterized by said control electrode being a gate electrode. 
[Claim 10] Said semiconductor region is a semiconductor device according to claim 1 characterized by consisting of 
two or more semi-conductor layers for forming a high electron mobility transistor (HEMT). 

[Claim 1 1] Said semiconductor region is a semiconductor device according to claim 1 characterized by consisting of 
two or more semi-conductor layers for forming a metal semiconductor field-effect transistor (MESFET). 
[Claim 12] the process which prepares the substrate which is the manufacture approach of a semiconductor device of 
having a nitride system compound semiconductor, and consists of silicon or a silicon compound, and said substrate top 
« vapor grov\^ - chemical formula AlxMyGal-x-yN -- at least one sort of elements with which said M was chosen 

0^y<l. 

from In (indium) and B (boron) here, x + y S 1 

the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
At least one sort of elements with which said M was chosen from In (indium) and B (boron) AlaMbGal-a-bN and here 

a + b^l 

the manufacture approach of the semiconductor device characterized by to have the process which forms the numeric 
value to satisfy and the 2nd layer which comes out and consists of the ingredient shown one by one, and obtains a 
buffer layer, the process which form the semiconductor region for semiconductor devices which consists of at least one 
nitride system compound semiconductor layer by vapor growth on said buffer layer, and the process which form the 1st 
and 2nd main electrodes and control electrodes on the front face of said semiconductor region for semiconductor 
devices. 



[Translation done.] 
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♦NOTICES* 

JPO and NCIPl are not responsible for any 
damages caused by the use of this translation. 

1. This document has been translated by computer. So the translation may not reflect the original precisely. 

2. **** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



DETAILED DESCRIPTION 



Petailed Description of the Invention] 
[0001] 

[Field of the Invention] This invention relates to a semiconductor device and its manufacture approaches, such as 

MESFET which used the nitride system compound semiconductor, and HEMT 

[0002] 

[Description of the Prior Art] Semiconductor devices, the metal semiconductor field-eflfect transistor (High Electron 
Mobility Transistor), i.e., MESFET (Metal Semiconductor Filed Effect Transistor) and a high electron mobility 
transistor, i.e., HEMT etc., using a gallium nitride system compound semiconductor etc, are well-known, in the 
semiconductor device using the conventional typical gallium nitride system compound semiconductor, it consists of 
about 500-600-degree C GaN or AIN comparatively formed at low-temperature substrate temperature on the msulati 
substrate which consists of sapphire - it minds a low-temperature buffer layer (only henceforth a low-temperature 
buffer layer), and a compound semiconductor is formed. 

[0003] That is, in forming MESFET, it forms on the insulating substrate which consists of sapphire, the layer of 



the laminating of the electronic supply layer, the electronic transit layer, i.e., the channel layer, which consists of noni- 
doping GaN through the low-temperature buffer layer which consists of GaN or AIN, which consists of the n form 
AlGaN is carried out, it is formed, and it forms a source electrode, a dram electrode, and a gate electrode in the front 
face of an electronic supply layer. 
[0004] 

[Problem(s) to be Solved by the Invention] By the way, this kind of a gallium nitride system or a nitride system 
semiconductor device cuts down the wafer which many components made as everyone knows and was full according to 
dicing, scribing, a cleavage (cleavage), etc., and is formed. Since the insulating substrate which consists of sapphire at 
this time had the high degree of hardness, it was difficult to perform this dicing etc. with sufficient productivity. 
Moreover, since sapphire was expensive, the cost of a semiconductor device became high. Moreover, when carrying 
out crystal growth of the nitride system compound semiconductor on silicon on sapphire, in order to obtain a flat nitride 
system compound semiconductor layer, it is necessary to form a low-temperature buffer layer as mentioned above. If 
crystal growth of the nitride system compound semiconductor layer is carried out at an elevated temperature through a 
low-temperature buffer layer, the comparatively flat nitride system compound semiconductor film can be formed on 
silicon on sapphire. However, at low temperature, when the low-temperature buffer layer which consists of GaN or 
AIN is formed, since the ammonia used as a nitrogen source hardly disassembles, a low-temperature buffer layer 
becomes an amorphous layer containing metal-like Ga and aluminum. Since crystal growth of a channel layer, i.e., the 
layer of operation etc., is carried out on the buffer layer of this amorphous condition, in the field near a low- 
temperature buffer layer, the consistency of a crystal defect becomes very high. Since the high field of this defect 
density functions as an n type semiconductor layer of low resistance, when operating a device, a current leaks it also to 
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layer is proposed by XP,2000-299325,A. However, in order that mediation of an AlGaN layer may generate distortion 
which originated in the epitaxial layer at the stacking fault, it reduces the electron mobility of a channel layer and 
invites the problem of making a channel layer generate a crack further etc. For this reason, it was difficult to restrain 
Al amount and thickness of an AlGaN layer and to fully control leakage current as a result. 
[0005] Moreover, the heat conductivity of silicon on sapphire could not fiiUy emit the heat generated working [ a 
device ] since it is small, 0. 126 W/cm-K and, but caused the fall of many properties of a transistor, such as reducing 
pressure-proofing, gain, etc. of a device. Furthermore, although the hetero structure which carried out the lammating of 
the AlGaN is generally adopted on the GaN layer by the GaN system HEMT, when growing up AlGaN on a GaN layer, 
a stacking fault pulls to the field inboard m AlGaN, and distortion is generated. For this stress, piezo polarization 
electric field occur in an interface, and if it combines with spontaneous polarization, the electric field of several MV/cm 
will occur in a hetero interface. Into a channel, it is accumulated by this electric field, the two-dimensional electron gas 
EG, i.e., 2D, of 1013cm-2 order, the fall of channel sheet resistance is achieved, and a drain current can be made to 
increase. This is the advantage of the GaN system HEMT which adopted the hetero structure which carried out the 
laminating of the AlGaN on the GaN layer. 

[0006] however, silicon on sapphire - since a coefficient of thermal expansion is larger than a nitride system 
compound semiconductor - heat - therefore, an epita?dal layer is made to generate a compressive strain irregularly 
Since this compressive strain works in the direction which cancels the hauling distortion in AlGaN resulting firom a 
stacking fault, it will decrease piezo polarization electric field. For this reason, the concentration of electrons of 2D EG 
also falls and the engine performance of the AlGaN/GaN system HEMT cannot fiiUy be demonstrated. 
[0007] Then, the purpose of this invention is to offer a semiconductor device and its manufacture approaches, such as 
MESFET using the nitride system compound semiconductor which can solve an above-mentioned trouble, and HEMT. 
[0008] 

[Means for Solving the Problem] This invention for solving the above-mentioned technical problem and attaining the 
above-mentioned purpose The substrate which is the semiconductor device which has a nitride system compound 
semiconductor, and consists of silicon or a silicon compound, The semiconductor region for semiconductor devices 
containing at least one nitride system compound semiconductor layer which has been arranged on one principal plane 
of said substrate, and has been arranged on a buffer layer and said buffer layer, the 1st main electrode, 2nd main 
electrode, and control electrode which have been arranged on the front face of said semiconductor region for 
semiconductor devices - having ~ said buffer layer - chemical formula AlxMyGal-x-yN - at least one sort of 
elements with which it is here and said M was chosen from In (indium) and B (boron) 

0^y<K 



the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
AlaMbGal-a-bN - at least one sort of elements with which said M was chosen from In (indium) and B (boron) here, 

0^b<l, 



the numeric value to satisfy and the semiconductor device characterized by consisting of a compound layer with the 
2nd layer which comes out and consists of the ingredient shoAvn are started. 

[0009] In addition, as shown in claim 2, said 1st layer can be set to AlxGal-xN, and said 2nd layer can be set to 
AlaGal-aN. Moreover, as shown in claim 3, said 1st layer can be made into AlxInyGal-x-yN, said 2nd layer can be 
made into AlalnbGal-a-bN, and In (indium) can be included at least in one side of said 1st and 2nd layers. Moreover, 
as shown in claim 4, said 1st layer can be made into AlxByGal-x-yN, said 2nd layer can be made into AlaBbGal-a- 

bN, and B (bo^o^)^^^^^^^^^^no^^^^^^^^^^d^^. Moreover, as shown in claim 5, as for 
said buffer layer, i^re^^^^g^^^^^^^^^^^^H^^^^L^id^^ 

show n; 

shown in 
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claim 7, as for the principal plane of the side by which said buffer layer of said substrate is arranged, it is desirable that 
it is the field to which it leans in -4 to +4 times from the field or (1 1 1) the field just (1 1 1) in field bearing of the crystal 
shown with Miller indices. Moreover, as shown in claim 8, as for said nitride system compound semiconductor layer, it 
is deskable to be chosen from a GaN (gallium nitride) layer, an AlInN (indium nitride aluminum) layer, an AlGaN 
(gallium nitride aluminum) layer, an InGaN (gallium nitride indium) layer, and an AlInGaN (gallium nitride indium 
aluminum) layer. Moreover, as shown in claim 9, said semiconductor region can be used as two or more semi- 
conductor layers for forming a field-effect transistor, said 1st main electrode can be used as a source electrode, said 2nd 
main electrode can be used as a drain electrode, and said control electrode can be used as a gate electrode. Moreover, as 
shown in claim 10, said semiconductor region can be used as two or more semi-conductor layers for forming a high 
electron mobility transistor (HEMT). Moreover, as shown in claim 1 1, said semiconductor region can be used as two or 
more semi-conductor layers for forming a metal semiconductor field-effect transistor (MESFET). moreover, the 
process which prepares the substrate which consists of silicon or a silicon compound in the manufacture approach of a 
semiconductor device of having a nitride system compound semiconductor as shown in claim 12 and said substrate top 
- vapor growth - chemical formula AIxMyGal-x-yN - at least one sort of elements with which said M was chosen 

0^y<l. 

from In (indium) and B (boron) here, x + y g 1 

the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
At least one sort of elements with which said M was chosen from In (indium) and B (boron) AlaMbGal-a-bN and here 

a + b^l 

it is desirable to have the process which forms the numeric value to satisfy and the 2nd layer which comes out and 
consists of the ingredient shown one by one, and obtains a buffer layer, the process which forais the semiconductor 
region for semiconductor devices which consists of at least one nitride system compound semiconductor layer by vapor 
growth on said buffer layer, and the process which forms the 1st and 2nd main electrodes and control electrodes on tiie 
front face of said semiconductor region for semiconductor devices. 
[0010] 

[Effect of the Invention] According to invention of each claim, the following effectiveness is acquired. 

(1) Since the substrate with which it is low cost and workability also consists of good silicon or a good silicon 
compound is used, reduction of ingredient cost and a production cost is possible. For this reason, the cost reduction of a 
semiconductor device is possible. 

(2) The buffer layer to which the lattice constant formed in one principal plane of a substrate changes from the 1st layer 
8 which has a value between silicon and GaN, and the 2nd layer can succeed the crystal orientation of a substrate good. 
Consequently, crystal orientation can be arranged and a nitride system semiconductor region can be formed in one 
principal plane of a buffer layer good. For this reason, the surface smoothness of a semiconductor region becomes good 
and the electrical characteristics of a semiconductor device also become good. When a buffer layer is formed in one 
principal plane of the substrate which consists of silicon at low temperature only with a GaN semi-conductor, since the 
difference of a lattice constant is large, silicon and GaN cannot form the nitride system semiconductor region excellent 

crystal growth of the buff^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
carried out at an elevated temperature. For this reason, the ammonia used as a nitrogen source can be made to 
disassemble good, and a buffer layer does not turn into an amorphous layer. For this reason, the consistency of the 
crystal defect of the epitaxial growth phase, i.e., a semiconductor region, formed on a buffer layer can be made small 
enough, and generating of leakage current can be prevented. 

(4) Since a substrate is formed from the silicon or the silicon compound which is excellent in the heat conductivity as 
compared with sapphire, the heat generated working [ a device ] can be made to radiate heat good through a substrate, 
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and many properties, such as pressure-proofing of a device and gain, are acquired good. The indium is contained in one 
[ at least ] layer of the 1 st layer and the 2nd layer which constitute a buffer layer in invention of claim 3. The stress 
relaxation effectiveness between the nitride system compound semiconductor (indium nitride system compound 
semiconductor) containing an indium, then a substrate and a nitride system semiconductor region is acquired still better 
at least in one side of the 1 st and 2nd layers. That is, as compared with other nitride system compound semiconductors 
which do not contain In as a configuration element, for example, GaN, AIN, etc., the substrate and coefficient of 
thermal expansion which consist of silicon or a silicon compound approximate more the indium nitride system 
compound semiconductor which constitutes at least one side of the 1st and 2nd layers, for example, InN, InGaN, 
AlInN, AlInGaN, etc. For this reason, distortion of the semiconductor region resulting from the difference of the 
coefficient of thermal expansion between a substrate and a nitride system semiconductor region can be prevented good 
by including an mdium in one [ at least ] layer among the 1st layer and the 2nd layer which constitute a buffer layer. B 
(boron) is contained ii^onej at least ] layer of the 1st layer and the 2nd layer which con s t itute a buffer layer in 
invention of claim 4. 

of thermal expansion of the substrSe whicE^ccfn^ silicon or a silicon compound rather than the buffer layer wE 
does not have B (boron) **. For this reason, according to the buffer layer containing B (boron), distortion of the nitride 
system semiconductor region resulting from the coefficient-of-thermal-expansion difference between the substrates and 
nitride system semiconductor regions which consist of silicon or a silicon compound can be prevented good. In 
invention of claim 5, since the laminating of two or more 1st layers and two or more 2nd layers is carried out by turns 
and a buffer layer is constituted, two or more 1st thin layers are distributed. Consequently, buffer ability good as the 
whole buffer layer can be obtained, and the crystallinity of the semiconductor region formed on a buffer layer becomes 
good. According to invention of claim 6, the buffer ability of a buffer layer can improve and surface smoothness of a 
nitride system semiconductor region can be improved. According to invention of claim 7, a buffer layer and a 
semiconductor region can be formed good on a substrate, namely, the thing abolished for the atomic step on the front 
face of a crystal of a buffer layer and a semiconductor region, i.e., the step in atomic level, by making field bearing of 
the principal plane of a substrate into a field or (1 1 1) the field from a field where an OFF include angle is small just 
(1 1 1) — or it can lessen. If a buffer layer and a semiconductor region are formed on a principal plane with the large off 
include angle from a field just (1 1 1), it will see on atomic level to this etc., and a comparatively large step will arise. 
Although some steps do not become a problem so much when an epitaxial growth phase is comparatively thick, in the 
case of the semiconductor device which has the film of thickness, there is a possibility of causing the fall of a property. 
On the other hand, a field or the field where an off include angle is small, then a step become small just (111) about the 
principal plane of a substrate, and a buffer layer and a semiconductor region are formed good. According to invention 
of claim 12, a semiconductor device with a sufficient property can be formed cheaply and easily. 
[0011] 

[The 1st operation gestalt] Next, HEMT using the gallium nitride system compound semiconductor applied to the 1st 
operation gestalt of this invention with reference to drawing 1 - drawing 3 is explained. 

[0012] HEMT concerning the 1st operation gestalt of this invention shown in drawing 1 consists of a buffer layer, the 
substrate 1, i.e., the substrate, which consists of silicon, 2, the semiconductor region 3 for HEMT elements, the source 
electrode 4 as the 1st electrode, the drain electrode 5 as the 2nd electrode, the gate electrode 6 as a control electrode, 
and an insulator layer 7. 

[0013] The HEMTelga^^if^l^yaj^bictor regi consig 





which consisi 

the semiconductor region 3 for compong^ 
nitrogen and a gallium as the base. The 



ach class 10, 1 1, and 12 of 
isi^s gf the gallium nitride system compound semiconductor which used 




I. It controls that the spacer layer 1 1 arranged on the electronic transit 



layeru) has the thickness of 7nm, and the silicon as an n form impurity of the electronic supply layer 12 diffuses it in 
the electronic transit layer 10. The electronic supply layer 12 arranged on the spacer layer 1 1 can also be called a 
barrier layer, a layer of operation, or a channel layer, and has the thickness of lOnm. The source electrode 4 and the 
drain electrode 5 carry out ohmic contact at the electronic supply layer 12, and are carrying out Schottky contact of the. 
gate electrode 6 to the electronic supply layer 12. In addition, the high contact layer of n form high impurity 
concentration can be prepared between the source electrode 4 and the drain electrode 5, and the electronic supply layer 
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12. The insulator layer 7 which consists of Si02 has covered the front face of a semiconductor region 10. 
[0014] the electronic supply layer 12 and the spacer layer 1 1 - since it is the thin film, it functions on a 

longitudinal direction as an insulating material, and functions on a lengthwise direction as a conductor. Therefore, at 
the time of actuation of HEMT, an electron flows in the path of the source electrode 4, the electronic supply layer 12, 
the spacer layer 1 1, the electronic transit layer 10, the spacer layer 1 1, the electronic supply layer 12, and the drain 
electrode 5. The flow of this electron, i.e., tite flow of a current, is adjusted with the control voltage impressed to the 
gate electrode 6. 

[0015] A substrate 1 consists of p form siHcon single crystal which contains 3 group elements, such as B (boron), as an 
electric conduction form decision impurity. Principal plane la of the side by which the buffer layer 2 of this substrate 1 
is arranged is a field just (1 1 1) in field bearing of the crystal shown with Miller indices. The high impurity 
concentration of this substrate 1 is a comparatively low value (about [ for example, / 1x1013cm - three to 1x10 16cm - ] 
3) in order to reduce the leakage current which passes along a substrate 1, and the resistivity of this substrate 1 is a 
comparatively high value, for example, 1.0 ohm-cm - 500 ohm-cm extent. A substrate 1 has the comparatively thick 
thickness of about 350 ^i^i^oi^^^^^^^^fon^ as a base material of a semiconductor region 3 and a buffer layer 2. 

[0017] the^^^^^^^^^^^^^^^^^^^^^®!?- it is here, and it comes out and x is formed with the numeric . 
/alue of the arbitrationj ^hich satisfies 0< x<=l, and the ingredient which can be shown. That is, th^^^^^^^^ 

^With drawing 1 and the operation gestalt of 
drawing 2 , AIN (alumimium mtr^e^^y^^h x of said formula is equivalent to the ingredient set to 1 is used for the 
1st layer 8. The 1st layer 8 is very thin film which has insulation. The 1st lattice constant and coefficient of thermal 
expansion o f a la^^^ 1 than the 2nd layer 9. 

[0018] jgfWHBy^^^^'^^^^ to which it is here, and it 

appears and y changes from y<x, the numeric value of arbitration with which are satisfied of 0< y<l, and the ingredient 
which can be shown - it is the thin film. When using the semi-conductor which does not contaia the electric 
conduction form decision impurity which consists of AlyGal-yN as the 2nd layer 9, in order to prevent a crack with a 
possibility of generating according to increase of aluminum (aluminum), it is desirable to make y for it to be larger than 
the value, 0 [ i.e., ], with which are satisfied of 0< y<0.8, and smaller than 0.8. In addition, the 2nd layer 9 of this 1st 
operation gestalt consists of GaN equivalent to y= 0 in the above-mentioned chemical formula, said 2nd layer - 
chemical formula AlyGral-yN ~ the numeric value with which y is satisfied of y<x and 0<=y<l here - it can also come 
out and express. 

[0019] The desirable thickness of the 1st layer 8 of a buffer layer 2 is 0.5nm - 50nm, i.e., 5-500A. When the thickness 
of the 1st layer 8 is less than 0.5nm, it becomes impossible to keep good the surface smoothness of the semiconductor 
region 3 for components formed in the top face of a buffer layer 2. When the thickness of the 1st layer 8 exceeds 50nm, 
a possibility that a crack may occur is in tiie 1st layer 8 by hauling distortion which originates in the stacking fault 
difference of the 1st layer 8 and the 2nd layer 9, and the coefficient-of-thennal-expansion difference of the 1st layer 8 
and a substrate 1, and is generated in the 1st layer 8. 

[0020] The desirable thickness of the 2nd layer 9 is 0.5nm - 200nm, i.e., 5-2000A. When the thickness of the 2nd layer 
9 is less than 0.5nm, it becomes difficult to grow up evenly the semiconductor region 3 for components which grows 
on the 1st layer 8 and a buffer layer 2. Moreover, if the thickness of the 2nd layer 9 exceeds 200nm, with the 
compressive stress which originates in the stacking fault of the 2nd layer 9 and the 1st layer 8, and is generated in the 
2nd layer 9, the electron density of the channel layer 10 will fall and the property of HEMT will deteriorate. 
Furthermore, it is good preferably to make thickness of the 2nd layer 9 larger than the thickness of the 1st layer 8. If it 
does in this way, in holding down the distorted magnitude which originates in the stacking fault difference of the 1st 
layer 8 and the 2nd layer 9, and the coefficient-of-thermal-expansion difference of the 1st layer 8 and a substrate 1, and 
is generated in the 1st layer 8 to extent which a crack does not generate in the 1st layer 9, and maintaintog at the 
concentration-of-electrons high concentration of the channel layer 10, it will become advantageous. 
[0021] Next, the manufacture approach of a semi-conductor semiconductor device that the 1st layer 8 was set to AIN 
and the 2nd layer 9 was set to GaN is explained. 
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[0022] First, the substrate 1 which consists of p form silicon semi-conductor with which p form impurity shown in (A) 
of drawings was introduced is prepared. One principal plane la of the silicon substrate 1 for forming a buffer layer 2 is 
a field, i.e., an exact (1 1 1) field, just (1 1 1) in field bearing of the crystal shown with Miller indices. However, principal 
plane la of a substrate 1 can be made to incline in the range which is shown by 0 in drawing 3 (1 1 1) and which is just 
shown by -theta - +theta to a field. - The range of theta - +theta is -4 degrees - +4 degrees, is -3 degrees - +3 degrees 
preferably, and is -2 degrees - +2 degrees more preferably, losing the step in the atomic level at the time of carrying out 
epitaxial growth of a buffer layer 2 and the semiconductor region 3 for components by making just (1 1 1) crystal 
orientation of principal plane la of a silicon substrate 1 into a field or (1 1 1) the field from a field where an OFF include 
angle is small - or it can be made small. 

[0023] Next, as shown in drawing 3 (B), the buffer layer 2 on principal plane la of a substrate 1 is formed by repeating 
and carrying out the laminating of the 1st layer 8 which consists of AIN, and the 2nd layer 9 which consists of GaN, 
well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal chemical-vapor-deposition 
method. That is, the substrate 1 of p form silicon single crystal pretreated by HP system etchant is arranged in the 
reaction chamber of an MOCVD system, first, thermal annealing for about 10 minutes is performed at 950 degrees C, 
and a surface oxide film is removed. Next, TMA (trimethylaluminum) gas and NH3 (ammonia) gas are supplied for 
about 65 seconds in a reaction chamber, and the 1st layer 8 which changes from an AJN layer with a thickness of about 
lOnm to one principal plane of a substrate 1 is formed. After making whenever [ stoving temperature / of a substrate 1 ] 
mto 1 120 degrees C in this example, it is about 63micromol/min and NH3 in the flow rate of TMA gas, i.e., the amount 
of supply of aluminum. Flow rate 3 of gas, i.e., NH, The amount of supply was made into about 0. 14 mol/min. Then, 
after making whenever [ stoving temperature / of a substrate 1 ] into 1 120 degrees C and stopping supply of TMA gas, 
it is TMG (trimethylgallium) gas and NH3 in a reaction chamber. Gas (ammonia) is supplied for about 90 seconds, and 
the 2nd layer 9 which consists of GaN of n form with a thickness of about 30nm is formed in the top face of the 1st 
layer 8 which consists of the above AIN formed in one principal plane of a substrate 1. At this example, it is about 
60micromol/min and NH3 in the flow rate of TMG gas, i.e., the amount of supply of Ga. Flow rate 3 of gas, i.e., NH, 
The amount of supply was made into about 0. 14 mol/mm. In this example, 40 layers obtain the buffer layer 2 by which 
the laminating was carried out in the sum total of the 1st layer 8 which repeats formation of the 1st layer 8 which 
consists of above-mentioned AIN, and the 2nd layer 9 which consists of GaN 20 times, and consists of AIN, and the 
2nd layer 9 which consists of GaN. The 1st layer 8 which consists of AIN, of course, and the 2nd layer 9 which consists 
of GaN are also changeable into the number of arbitration, such as 50 etc. layers, respectively. 

[0024] next, MOCVD of common knowledge on the top face of a buffer layer 2 ~ the form semiconductor region 3 for 
HEMT elements is formed by law. That is, the substrate 1 with which the buffer layer 2 was formed in the top face is 
arranged in the reaction chamber of an MOCVD system, and they are trimethylgallium gas, i.e., TMG gas, and NH3 
first in a reaction chamber. The electronic transit layer 10 which consists of GaN which supplies gas (anmionia) for 15 
minutes and does not include un-doping [ with a thickness of about 500nm / GaN ], i.e., an electric conduction form 
decision impurity, on the top face of a buffer layer 2 is formed. At this example, it is about 62micromol/min and NH3 
in the flow rate of TMG gas, i.e., the amount of supply of Ga. Flow rate 3 of gas, i.e., NH, About 0.23 mols of amount 
of supply were set to /min. 

[0025] Next, the spacer layer 1 1 which consists of aluminum0.2Ga0.8N which supplies TMG gas and ammonia gas to 
the TMA gas in a reaction chamber for 85 seconds, and does not include un-doping, i.e., an electric conduction form 
decision impurity, on the top face of the electronic transit layer 10 is formed in the thickness of 7nm. In this example, 
about 0.23 mols of flow rates of about ISmicromol / min, and NH3 gas were set [ the flow rate of TMA gas, i.e., the 
amount of supply of aluminum, ] to /min for the flow rate of about 8.4micromol/min and TMG gas. 
[0026] Next, after interrupting crystal growth for about 15 seconds, the electronic supply layer 12 which supplies TMA 
gas, TMG gas, ammonia gas, and SiH4 (silane) gas for about 98 seconds in a reaction chamber, and changes from 
aluminum0.2Ga0.8N to the top face of the spacer layer 1 1 is formed in the thickness of about lOnm. In this example, 
about 0.23 mols of flow rates of /min and SiH4 gas were set [ the flow rate of the TMA gas at this time / the flow rate 
of about 8.4micromol/min and TMG gas ] to about 21 nmol(s) / min for the flow rate of about 15micromol / min, and 
ammonia gas. 

[0027] Then, the silicon substrate 1 in which the semiconductor region 3 and the buffer layer 2 were formed is taken . 
out from an MOCVD system, and the insulator layer 7 which consists of silicon oxide all over a semiconductor region 
3 by well-known plasma CVD is formed. Thickness of an insulator layer 7 is set to about lOOnm. 
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[0028] Although one HEMT is shown in drawing 1 , much HEMT(s) are made to coincidence using one semi- 
conductor wafer 1, i.e., substrate, at the time of this manufacture. For this reason, with photolithography, a 
semiconductor region 3 and the component isolation region of a buffer layer 2 are etched to a silicon substrate 1 by 
reactive ion etching using the mixed gas of 3 boron chloride (BCD) and hydrogen, and isolation of HEMT is 
performed. Thus, if isolation is carried out, the electrical characteristics of each component field etc. can be inspected 
good, without being influenced of other components. 

[0029] Next, after using photolithography and fluoric acid system etchant and forming opening for a source electrode 
and drain electrode formation in an insulator layer 7, using electron beam evaporation etc., laminating formation is 
carried out one by one, lift oflFof Ti (titanium) and the aluminum (aluminum) is carried out, and the source electrode 4 
and the drain electrode 5 are formed. Also when forming a gate electrode, opening is formed in an insulator layer 7 in 
the same procedure, and the gate electrode 6 which vapor-deposits and carries out lift oflFof Pd (palladium), Ti 
(titanium), and the Au(gold) by electron beam evaporation, and has a fijnction as a shot key barrier electrode is formed. 
Then, the semiconductor device (HEMT chip) which carried out cutting separation of the epitaxial wafer in the 
component isolation region, and turned the individual exception according to the well-known dicing process etc. is 
completed. 

[0030] According to HEMT of this operation gestalt, the following effectiveness is acquired. 

(1) Since the substrate 1 with which it is low cost and workability also consists of good silicon is used, reduction of 
ingredient cost and a production cost is possible. For this reason, the cost reduction of HEMT is possible. 

(2) The buffer layer 2 which consists of the 1st layer 8 to which the lattice constant formed in one principal plane of a 
substrate 1 changes from AIN which has a value between silicon and GaN, and the 2nd layer 9 can succeed the crystal 
orientation of the substrate 1 which consists of silicon good. Consequently, crystal orientation can be arranged and the 
GaN system semiconductor region 3 can be formed in one principal plane of a buffer layer 2 good. For this reason, the 
surface smoothness of a semiconductor region 3 becomes good, and the electrical characteristics of HEMT also become 
good. When a buffer layer is formed in one principal plane of the substrate 1 which consists of sihcon at low 
temperature only with a GaN semi-conductor, since the difference of a lattice constant is large, silicon and GaN cannot 
form the GaN system semiconductor region excellent in surface smoothness in the top face of this buffer layer. 

(3) As compared with the low-temperature buffer layer which consists of conventional GaN and a monolayer of AIN, 
crystal growth of the buffer layer 2 which consists of the compound layer of the 1st layer 8 which consists of AIN, and 
the 2nd layer 9 which consists of GaN can be carried out at an elevated temperature. For this reason, the ammonia used 
as a nitrogen source can be made to disassemble good, and a buffer layer 2 does not turn into an amorphous layer. For 
this reason, the consistency of the crystal defect of the epitaxial grov^h phase 3, i.e., a semiconductor region, formed on 
a buffer layer 2 can be made small enough, and generating of leakage current can be prevented. Consequently, HEMT 
with a good pinch-off property can be offered. 

(4) Since a substrate 1 is formed from the silicon which is excellent in the heat conductivity as compared with sapphire, 
the heat generated working [ a device ] can be made to radiate heat good through a substrate 1, and many properties, 
such as pressure-proofing of a device and gain, are acquired good. 

(5) a silicon substrate 1 ~ a nitride system compound semiconductor ~ comparing ~ since a coefficient of thermal 
expansion is small - heat ~ it originated irregularly - pull and distortion joins an epitaxial layer. For this reason, the 
tensile stress of the interface of AlGaN/GaN between the tooth-space layer 1 1 and the electronic transit layer 10 can be 
strengthened further, and the piezo electric field effect can be heightened as a result. For this reason, electron density of 
the electronic transit layer 10, i.e., a channel, can be made into high concentration as compared with HEMT which used 
silicon on sapphire, and it becomes possible to decrease the sheet resistance of the electronic transit layer 10, i.e., a 
channel, and to increase a drain current. 

[0031] 

[The 2nd operation gestalt] Next, MESFET of the 2nd operation gestalt is explained with reference to drawing 4 . 
However, in drawing 4 , the same sign is substantially given to the same part with drawing 1 R> 1, and the explanation 
is omitted. MESFET of drawing 4 prepares n type semiconductor field 3a which consists the semiconductor region 3 of 
HEMT of drawing 1 of the GaN compound semiconductor layer by which Si was doped as an n form impurity, and 
forms others identically to drawing 1 . That is, in MESFET of drawing 4 , a silicon substrate 1, a buffer layer 2, the 
source electrode 4, the drain electrode 5, the gate electrode 6, and the insulator layer 7 are formed like what is shown 
with the same sign by drawing 1 . N type semiconductor field 3a can also be called a channel layer or a barrier layer, 



http://vmw4.ipdLncipi.go.jp/cgi-bin/tran web . cgi ejje 



8/10/05 



059948,A PETAILED DESCRIPTION] 



Page 8 of 10 



and is arranged on the buffer layer 2. The source electrode 4 and the gate electrode 5 carry out ohmic contact at n type 
semiconductor field 3 a, and are carrying out shot key barrier contact of the gate electrode 6 at n type semiconductor 



[0032] The manufacture approaches other than GaN semiconductor region 3a of MESFET of drawing 4 are the same as 
that of the 1st operation gestalt. When forming GaN semiconductor region 3 a, TMG gas, NH3 gas, and SiH4 (silane) 
gas are supplied for about 450 seconds in the reaction chamber used at the time of formation of a buffer layer 2, and 
with a thickness of about 150nm n type semiconductor field 3a is formed in the top face of the buffer layer 2 formed in 
one principal plane of a substrate 1 . In this example, the flow rate of 0.23 mol/min and SiH4 gas, i.e., the amount of 
supply of Si, was made [ the flow rate of TMG gas, i.e., the amount of supply of Ga ] mto 21 nm'ol/niin for the flow 
rate of about 60micromol/min and NH3 gas, i.e., the amount of supply of NH3. 

[0033] MESFET of drawing 4 has the same effectiveness as (1) stated in the colunm of explanation of the effectiveness 
of HEMT of drawing 1 , (2), (3), and (4). That is, it becomes possible to improve the surface smoothness of making a 
substrate 1 cheap and semiconductor region 3 a, and crystalUnity, to improve the property of MESFET, and to radiate 
the heat of semiconductor region 3 a good through a silicon substrate 1 . 
[0034] 

[The 3rd operation gestalt] The configuration of the buffer layer 2 of the 1st and 2nd operation gestalten is changeable. 
Drawing 5 shows a part of buffer layer 2a which follows the 3rd usable operation gestalt at HEMT, MESFET, etc. 
Buffer layer 2a of this drawing 5 consists of what carried out the laminating of the 2nd layer 9a of two or more 1st layer 
8a and plurality by turns. 1st layer 8a - chemical formula AlxInyGal-x-yN - it is here, and it comes out and x and y 
are formed widi the numeric value of the arbitration which satisfies 0< x<=l, 0<=y<l, and x+y<=l, and the ingredient 
which can be shown. That is, 1st layer 8a was chosen fi-om AIN (alumimium nitride), AlGraN (gallium nitride 
aluminum), AlInN (indium nitride ^mfflu[m) and AlGaln^ ,i fe.?li S^BM 
the operation gestalt of drawing5_^^^^^w 



the thinfilmrTne 1 sUa^^ constant and coefficient of thermal expansion containing aluminum of layer 8a have a 
value between the lattice constant of a silicon substrate 1 and a coefficient of thermal expansion, the lattice constant of 
semiconductor region 3 a, and a coefficient of thermal expansion. 

[0035] 2nd layer 9a chemical formula AlalnbGal-a-bN - it is here and a and b are the numeric value of the 
arbitration which satisfies 0<=a<l, 0<=b<l, and a+b<=l, and the thin fihn of the semi-conductor which comes out and 
consists of the ingredient which can be shown. That is, 2nd layer 9a was chosen from GaN, AIN, InN, InGaN, AlGaN, 
AlInN, and AlInGaN, and is formed. With the operation gestalt of drawing 5 , aluminum0.05In0.35Ga0.6N equivalent 
to the ingredient with which a of said formula was set to 0.05, and b was set to 0.35 is used for 2nd layer 9a. It is larger 
than the band gap of 1st layer 8a, the gap, i.e., the band gap, between the valence band of 2nd layer 9a, and a 
conduction band. 

[0036] Next, 1st layer 8a explains the manufacture approach of buffer layer 2a that aluminum0.5In0.01Ga0.49N and 
2nd layer 9a were set to aluminum0.05In0.35Ga0.6N. Buffer layer 2a is formed on prmcipal plane la of the same 
substrate 1 as the 1st operation gestalt. This buffer layer 2a is formed by repeating and carrying out the laminating of 
1st layer 8a which consists of aluminumO.5InO.01GaO.49N, and the 2nd layer 9a which consists of 
aluminum0.05In0.35Ga0.6N, well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal 
chemical-vapor-deposition method. That is, the substrate 1 of a silicon single crystal is arranged in the reaction 
chamber of an MOCVD system, first, thermal annealing is performed and a surface oxide film is removed. Next, TMA 
(trimethylalummum) gas, TMG (trimethylgallium) gas, TMIn (trimethylindium) gas, and NH3 (ammonia) gas are 
supplied for about 24 seconds in a reaction chamber, and 1st layer 8a which changes from aluminum0.5In0.01Ga0.49N 
whose thickness Tl is about 5nm, i.e., about 50A, to one principal plane of a substrate 1 is formed. In this example, 
after making whenever [ stoving temperature / of a substrate 1 ] into 800 degrees C, the flow rate of 47micromol/min 
and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow rate of TMA gas, i.e., the amount of supply of 
aluminum, / the flow rate of about 14micromol/mm and TMG gas ] into about 0.23 mol/min for the flow rate of 
31micromol/min and TMIn gas. Then, whenever [ stop and stoving temperature / of a substrate 1 ] is lowered for 
supply of TMA gas, TMG gas, and TMIn gas to 750 degrees C, TMA gas, TMG gas, TMIn gas, and NH3 (ammonia) . 
gas are supplied for about 83 seconds after an appropriate time, and 2nd layer 9a which consists of 
alummum0.05In0.35Ga0.6N whose thickness T2 is 30nm, i.e., 300A, is formed in the top face of 1st layer 8a. In 



field 3a. 
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addition, SiH4 gas can be supplied to coincidence and Si as an impurity can also be introduced into the formation film. 
In this example, the flow rate of 59micromol/min and NH3 gas, i.e., the amount of supply of NHS, was made [ the flow 
rate of TMA gas / the flow rate of 2.8micromol/min and TMG gas ] into about 0.23 mol/min for the flow rate of 
46micromol/min and TMIn gas. In this example, 1st layer 8a which repeats formation of 1st layer 8a which consists of 
above-mentioned aluminumO.5InO.01GaO.49N, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N 10 
times, and consists of aluminumO.5InO.01GaO.49N, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N 
form the buffer layer 2 by which the 20-layer laminating was carried out by turns. The 1st layer 8a which consists of 
alumiQumO.5InO.01GaO.49N, of course, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N are also 
changeable into the number of arbitration, such as 50 etc. layers, respectively. 

[0037] Smce buffer layer 2a of the 3rd operation gestalt of drawing 5 has the same effectiveness as the 1st operation 
gestalt of drawing 1 and the indium is further contained in buffer layer 2a, it has the effectiveness of the ability to make 
the coefficient of thermal expansion of buffer layer 2a approximate to a silicon substrate 1 rather than the case where an 
indium is not included in buffer layer 2a. 
[0038] 

[The 4th operation gestalt] Buffer layer 2b of the 4th operation gestalt shown in drawing 6 transforms the buffer layer 2 
of drawing 1 and drawing 4 , and consists of the crosswise lamination object of the 1st and 2nd layers 8b and 9b. 1st 
layer 8b - chemical formula AlxByGal-x-yN - it is here, and it comes out and x and y are formed with the numeric 
value of the arbitration which satisfies 0< x<=l, 0<=y<l, and x+y<=l, and the ingredient which can be shown. That is, 
1st layer 8b was chosen from AIN (alumunium nitride), AlGaN (gallium nitride aluminum), AlBN (boron nitride 
aluminum), and AlBGaN (gallium nitride boron alumiaum), and is formed. With the operation gestalt of drawing 6 , 
aluminimi0.5Ga0.5N equivalent to the ingredient with which x of said formula was set to 0.5, and y was set to 0 is used 
for 1st layer 8b. 1st layer 8b is very thin film which has insulation. The 1st lattice constant and coefficient of thermal 
expansion of layer 8b are closer to a silicon substrate 1 than 2nd layer 9b. 

[0039] 2nd layer 9b - chemical formula AlaBbGal-a-bN - it is here and a and b are the numeric value of the 
arbitration which satisfies 0<=a<l, 0<=b<l, and a+b<=l, and the thin film of the semi-conductor which comes out and 
consists of the ingredient which can be shown. That is, 2nd layer 9b is a layer containing at least one element chosen 
from aluminum, B, and Ga, and N, for example, was chosen from GaN, BN, AIN, BGaN, AlGaN, AlBN, and AlBGaN, 
and is formed. With the operation gestalt of drawing 6 , B0.3Cja0.7N equivalent to the ingredient with wtdch a of said 
formula was set to 0 and b was set to 0.3 is used for 2nd layer 9b. It is larger than the band gap of 1st layer 8b, the gap, 
i.e., the band gap, between the valence band of 2nd layer 9b, and a conduction band. 

[0040] Buffer layer 2b is formed by repeating and carrying out the laminating of 1st layer 8b which consists of 
aluminum0.5Ga0.5N, and the 2nd layer 9b which consists of B0.3Ga0.7N on principal plane la of a substrate 1 which 
has a field just (1 1 1), well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal chemical- 
vapor-deposition method. That is, the substrate 1 of a silicon single crystal is arranged in the reaction chamber of an 
MOCVD system, first, thermal annealing is performed and a surface oxide film is removed. Next, TMA 
(trimethylaluminum) gas, TMG (trimethylgallium) gas, and NH3 (ammonia) gas are supplied for about 27 seconds in a 
reaction chamber, and 1st layer 8b which changes from aluminum0.5Ga0.5N whose thickness Tl is about 5nm, i.e., 
about 50A, to one principal plane of a substrate 1 1 is formed. In this example, after making whenever [ stoving 
temperature / of a substrate 1 ] into 1080 degrees C, the flow rate of 3 Imicromol/min and NH3 gas, i.e., the amount of 
supply of NH3, was set [ the flow rate of TMA gas, i.e., the amount of supply of aluminum, ] to about 0. 14 mols / min 
for the flow rate of about 3 Imicromol/min and TMG gas. Then, whenever [ stop and stoving temperature / of a 
substrate 1 ] is lowered for supply of TMA gas to 1 120 degrees C, TEB (triethyl boron) gas, TMG gas, and NH3 
(ammonia) gas are supphed for about 85 seconds after an appropriate time, and 2nd layer 9b which consists of 
B0.3Ga0.7N of n form where thickness T2 is 30nm, i.e., 300 A, is formed in the top face of 1st layer 8b. In addition, 
SiH4 gas can be supplied to coincidence and Si as an impurity can also be introduced into the formation film. In this 
example, the flow rate of 63micromol/min and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow rate of 
TEB gas, i.e., the amount of supply of boron, ] into about 0. 14 mol/min for the flow rate of 75micromol/min and TMG 
gas, i.e., the amount of supply of a gallium. In this example, 1st layer 8b which repeats formation of 2nd layer 9b which 
consists of the 1st layer 8b and B0.3Ga0.7N which consists of above-mentioned aluminum0.5Ga0.5N 50 times, and 
consists of aluminum0.5Ga0.5N, and 2nd layer 9b which consists of B0.3Ga0.7N form buffer layer 2b by which the 
100-layer laminating was carried out by tums in total. 1st layer 8b which consists of aluminum0.5Ga0.5N, of course, 
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and 2nd layer 9b which consists of B0.3Ga0.7N are also changeable into the number of arbitration, such as 25 etc. 
layers, respectively. 

[0041] Since buffer layer 2b of drawing 6 has the same effectiveness as the buffer layer 2 of drawing 1 and boron is 
further contained in 2nd layer 9b, compared with the case where 2nd layer 9b does not contain boron, it becomes 
strong, and has the effectiveness that generating of a crack can be prevented and 2nd layer 9b can be formed 
comparatively thickly. 
[0042] 

[Modification(s)] This invention is not limited to an above-mentioned operation gestalt, and the next deformation is 
possible for it. 

(1) A substrate 1 1 can be used as silicon compounds, such as polycrystalline silicon other than single crystal silicon, or 
SiC. 

(2) The electric conduction form of each class of semiconductor regions 3 and 3 a can be made into an example and 
reverse. 

(3) Each class of semiconductor regions 3 and 3a can be used as the gallium nitride system compound semiconductor 
or indium nitride system compound semiconductor chosen from GaN (gallium nitride), AlInN (indium nitride 
aluminum), AlGaN (gallium nitride aluminum), InGaN (gallium nitride indium), and AlInGaN (gallium nitride indium 
aluminum). 

(4) In HEMT of drawing 1 , the electronic supply layer 12 and the same electronic supply layer can be prepared 
between a barrier layer 10, i.e., an electronic transit layer, and a buffer layer 2. 

(5) The insulated-gate mold electrical quantity effectiveness transistor can be prepared instead of HEMT and MESFET, 

(6) One layer can make [ more ] the number of buffer layers 2 and 2a and the 1st layers 8, 8a, and 8b of 2b than the 2nd 
layer 9, 9a, and 9b, and buffer layers 2 and 2a and the maximum upper layer of 2b can be used as the 1 st layer 8, 8a, 
and 8b. Moreover, the one layer of the number of the 2nd layers 9, 9a, and 9b can also be conversely made [ many ] 
rather than the number of the 1st layers 8, 8a, and 8b. 

(7) The 1st Layers 8, 8a, and 8b and 2nd layer 9, 9a, and 9b may contain an impurity in the range which does not check 
these functions. 
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* NOTICES * 

JPO and NCIPI are not responsible for any 
damages caused by the use of this translation. 

1. This document has been translated by computer. So the translation may not reflect the original precisely. 

2. **** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



TECHNICAL FIELD 



[Field of the Invention] This invention relates to a semiconductor device and its manufacture approaches, such as 

MESFET which used the nitride system compound semiconductor, and HEMT. 

[0002] 



[Translation done.] 
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* NOTICES * 

JPO and NCIPI are not responsible for any 
damages caused by the use of this translation. 

1. This document has been translated by computer. So the translation may not reflect the original precisely. 

2. **** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



PRIOR ART 

[Description of the Prior Art] Semiconductor devices, the metal semiconductor field-effect transistor (High Electron 
Mobility Transistor), i.e., MESFET (Metal Semiconductor Filed Effect Transistor) and a high electron mobility 
transistor, i.e., HEMT etc., using a gallium nitride system compound semiconductor etc., are well-known, in the 
semiconductor device using the conventional typical gallium nitride system compound semiconductor, it consists of 
about 500-600-degree C GaN or AIN comparatively formed at low-temperature substrate temperature on the insulating 
substrate which consists of sapphire - it minds a low-temperature buffer layer (only henceforth a low-temperature 
buffer layer), and a compound semiconductor is formed. 

[0003] That is, in forming MESFET, it forms on the insulating substrate which consists of sapphire, the layer of 
operation, i.e., the channel layer, which consists of the n form GaN layer which doped Si through the low-temperature 
buffer layer which consists of GaN or AIN, and forms a source electrode, a drain electrode, and a gate electrode in the 
front face of a layer of operation. Moreover, in forming HEMT, on the insulating substrate which consists of sapphire, 
the laminating of the electronic supply layer, the electronic transit layer, i.e., the channel layer, which consists of non- 
doping GaN through the low-temperature buffer layer which consists of GaN or AIN, which consists of the n form 
AlGaN is carried out, it is formed, and it forms a source electrode, a drain electrode, and a gate electrode in the front 
face of an electronic supply layer. 
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* NOTICES * 

JPO and NCIPI are not responsible for any 
damages caused by the use of this translation. 

1 This document has been translated by computer. So the translation may not reflect the original precisely. 
2.**** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



EFFECT OF THE INVENTION 

[Effect of the Invention] According to invention of each clahn, the following effectiveness is acquked. 

(1) Since the substrate with which it is low cost and workability also consists of good silicon or a good silicon 
compound is used, reduction of ingredient cost and a production cost is possible. For this reason, the cost reduction of a 
semiconductor device is possible. 

(2) The buffer layer to which the lattice constant formed in one principal plane of a substrate changes from the 1st layer 
8 which has a value between silicon and GaN, and the 2nd layer can succeed the crystal orientation of a substrate good. 
Consequently, crystal orientation can be arranged and a nitride system semiconductor region can be formed in one 
principal plane of a buffer layer good. For this reason, the surface smoothness of a semiconductor region becomes good 
and the electrical characteristics of a semiconductor device also become good. When a buffer layer is formed in one 
principal plane of the substrate which consists of silicon at low temperature only with a GaN semi-conductor, since the 
difference of a lattice constant is large, silicon and GaN cannot form the nitride system semiconductor region excellent 
in surface smoothness in the top face of this buffer layer. 

(3) As compared with the low-temperature buffer layer which consists of conventional GaN and a monolayer of AIN, 
crystal growth of the buffer layer which consists of the compound layer of the 1st layer 8 and the 2nd layer 9 can be 
carried out at an elevated temperature. For this reason, the ammonia used as a nitrogen source can be made to 
disassemble good, and a buffer layer does not tum into an amorphous layer. For this^ reason, the consistency of the 
crystal defect of the epitaxial growth phase, i.e., a semiconductor region, formed on a buffer layer can be made small 
enough, and generating of leakage current can be prevented. 

(4) Since a substrate is formed from the silicon or the silicon compound which is excellent in the heat conductivity as 
compared with sapphire, the heat generated working [ a device ] can be made to radiate heat good through a substrate, 
and many properties, such as pressure-proofing of a device and gain, are acquired good. The indium is contained in one 
[ at least ] layer of the 1 st layer and the 2nd layer which constitute a buffer layer in invention of claim 3 . The stress 
relaxation effectiveness between the nitride system compound semiconductor (indium nitride system compound 
semiconductor) containing an indium, then a substrate and a nitride system semiconductor region is acquired still better 
at least in one side of the 1st and 2nd layers. That is, as compared with other nitride system compound semiconductors 
which do not contain In as a configuration element, for example, GaN, AIN, etc., the substrate and coefficient of 
thermal expansion which consist of silicon or a silicon compound approximate more the indium nitride system 
compound semiconductor which constitutes at least one side of the 1st and 2nd layers, for example, InN, InGaN, 
AlInN, AlInGaN, etc. For this rbason, distortion of the semiconductor region resulting from the difference of the 
coefficient of thermal expansion between a substrate and a nitride system semiconductor region can be prevented good 
by including an indium in one [ at least ] layer among the 1st layer and the 2nd layer which constitute a buffer layer. B 
(boron) is contained in one [ at least ] layer of the 1st layer and the 2nd layer which constitute a buffer layer in 
invention of claim 4. The buffer layer containing B (boron) has a coefficient of thermal expansion near the coefficient 
of thermal expansion of the substrate which consists of silicon or a silicon compound rather than the buffer layer which 
does not have B (boron) **. For this reason, according to the buffer layer containing B (boron), distortion of the nitride 
system semiconductor region resulting from the coefficient-of-thermal-expansion difference between the substrates and 
nitride system semiconductor regions which consist of silicon or a silicon compound can be prevented good. In 
invention of claim 5, since the laminating of two or more 1st layers and two or more 2nd layers is carried out by turns 
and a buffer layer is constituted, two or more 1st thin layers are distributed. Consequentiy, buffer ability good as the 
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whole buffer layer can be obtained, and the crystallinity of the semiconductor region formed on a buffer layer becomes 
good. According to invention of claim 6, the buffer ability of a buffer layer can improve and surface smoothness of a 
nitride system semiconductor region can be unproved. According to invention of claim 7, a buffer layer and a 
semiconductor region can be formed good on a substrate, namely, the thing abolished for the atomic step on the front 
face of a crystal of a buffer layer and a semiconductor region, i.e., the step in atomic level, by making field bearing of 
the principal plane of a substrate into a field or (1 11) the field from a field where an OFF include angle is small just 
(1 1 1) - or it can lessen. If a buffer layer and a semiconductor region are formed on a principal plane with the large off 
include angle from a field just (1 1 1), it will see on atomic level to this etc., and a comparatively large step will arise. 
Although some steps do not become a problem so much when an epitaxial growth phase is comparatively thick, in the 
case of the semiconductor device which has the fihn of thickness, there is a possibility of causing the fall of a property. 
On the other hand, a field or the field where an off include angle is small, then a step become small just (1 1 1) about the 
principal plane of a substrate, and a buffer layer and a semiconductor region are formed good. According to invention 
of claim 12, a semiconductor device with a sufficient property can be formed cheaply and easily 
[0011] 

[The 1st operation gestalt] Next, HEMT using the gallium nitride system compound semiconductor applied to the 1st 
operation gestalt of this invention with reference to drawing 1 - drawing 3 is explained. 

[0012] HEMT concemmg the 1st operation gestalt of this invention shown in drawing 1 consists of a buffer layer, the 
substrate 1, i.e., the substrate, which consists of silicon, 2, the semiconductor region 3 for HEMT elements, the source 
electrode 4 as the 1st electrode, the drain electrode 5 as the 2nd electrode, the gate electrode 6 as a control electrode, 
and an insulator layer 7. 

[0013] The HEMT element semiconductor region 3 has the electronic transit layer 10 which consists of impurity non- 
doping GaN, the spacer layer 1 1 which consists of non-doping aluminum0.2Ga0.8N, and the electronic supply layer 12 
which consists of n form aluminum0.2Ga0.8N by which Si is doped as an n form impurity. Each class 10, 1 1, and 12 of 
the semiconductor region 3 for components consists of the gallium nitride system compound semiconductor which used 
nitrogen and a gallium as the base. The electronic transit layer 10 arranged on a buffer layer 2 can also be called a 
channel layer, and has the thickness of 500nm. It controls that the spacer layer 1 1 arranged on the electronic transit 
layer 10 has the thickness of 7nm, and the silicon as an n form impurity of the electronic supply layer 12 diffuses it in 
the electronic transit layer 10. The electronic supply layer 12 arranged on the spacer layer 1 1 can also be called a 
barrier layer, a layer of operation, or a channel layer, and has the thickness of lOnm. The source electrode 4 and the 
drain electrode 5 carry out ohmic contact at the electronic supply layer 12, and are carrying out Schottky contact of the 
gate electrode 6 to the electronic supply layer 12. In addition, the high contact layer of n form high impurity 
concentration can be prepared between the source electrode 4 and the drain electrode 5, and the electronic supply layer 
12. The insulator layer 7 which consists of Si02 has covered the front face of a semiconductor region 10. 
[0014] the electronic supply layer 12 and the spacer layer 1 1 --**** - since it is the thin film, it functions on a 
longitudinal direction as an insulating material, and functions on a lengthwise direction as a conductor. Therefore, at 
the time of actuation of HEMT, an electron flows in the path of the source electrode 4, the electronic supply layer 12, 
the spacer layer 1 1, the electronic transit layer 10, the spacer layer 1 1, the electronic supply layer 12, and the drain 
electrode 5. The flow of this electron, i.e., the flow of a current, is adjusted with the control voltage impressed to the 
gate electrode 6. 

[0015] A substrate 1 consists of p form silicon single crystal which contains 3 group elements, such as B (boron), as an 
electric conduction form decision impurity. Principal plane la of the side by which the buffer layer 2 of this substrate 1 ^ 
is arranged is a field just (1 1 1) in field bearing of the crystal shown with Miller indices. The high impurity 
concentration of this substrate 1 is a comparatively low value (about [ for example, / 1x1 013cm - three to 1x10 16cm - ] 
3) in order to reduce the leakage current which passes along a substrate 1, and the resistivity of this substrate 1 is a 
comparatively high value, for example, 1.0 ohm-cm - 500 ohm-cm extent. A substrate 1 has the comparatively thick 
thickness of about 350 micrometers, and functions as a base material of a semiconductor region 3 and a buffer layer 2. 
[0016] The buffer layer 2 arranged so that one whole principal plane of a substrate 1 may be covered consists of the 
compound layer to which the laminating of two or more 1st layers 8 and two or more 2nd layers 9 was carried out by 
turns. In drawing 1 , on account of illustration, although a part of buffer layer 2 is shown, a buffer layer 2 has the 1st 20 
layer 8 and the 2nd 20 layer 9 in fact. 

[0017] the 1st layer 8 - chemical formula AlxGal-xN - it is here, and it comes out and x is formed with the numeric 



http://www4.ipdl.nciDi.eo.jp/cei-bin/tran web cei eiie 



8/10/05 



JP,2003-059948,A [EFFECT OF THE INVENTION] 



Page 3 of 8 



value of the arbitration which satisfies 0< x<=l, and the ingredient which can be shown. That is, the 1st layer 8 is 
formed by AIN (alumimium nitride) or AlGaN (gallium nitride aluminum). With drawing 1 and the operation gestalt of 
drawing 2 , AIN (alumimium nitride) by which x of said formula is equivalent to the ingredient set to 1 is used for the 
1st layer 8. The 1st layer 8 is very thin film which has insulation. The 1st lattice constant and coefficient of thermal 
expansion of a layer 8 are closer to a silicon substrate 1 than the 2nd layer 9. 

[0018] the 2nd layer 9 - GaN (gallium nitride) or chemical formula AlyGal-yN - **** to which it is here, and it 
appears and y changes from y<x, the numeric value of arbitration with which are satisfied of 0< y<l, and the ingredient 
which can be shown - it is the thin film. When using the semi-conductor which does not contain the electric 
conduction form decision impurity which consists of AlyGal-yN as the 2nd layer 9, in order to prevent a crack with a 
possibility of generating according to increase of aluminum (aluminum), it is desirable to make y for it to be larger than 
the value, 0 [ i.e., ], with which are satisfied of 0< y<0.8, and smaller than 0.8. In addition, the 2nd layer 9 of this 1st 
operation gestalt consists of GaN equivalent to y= 0 in the above-mentioned chemical formula, said 2nd layer — 
chemical formula AlyGal-yN - the numeric value with which y is satisfied of y<x and 0<=y<l here — it can also come 
out and express. 

[0019] The desirable thickness of the 1st layer 8 of a buffer layer 2 is 0.5nm - 50nm, i.e., 5-500A. When the thickness 
of the 1st layer 8 is less than 0.5nm, it becomes impossible to keep good the surface smoothness of the semiconductor 
region 3 for components formed in the top face of a buffer layer 2. When the thickness of the 1st layer 8 exceeds 50nm, 
a possibility that a crack may occur is in tiie 1st layer 8 by hauling distortion which originates in the stacking fault 
difference of the 1st layer 8 and the 2nd layer 9, and the coefficient-of-thermal-expansion difference of the 1st layer 8 
and a substrate 1, and is generated in the 1st layer 8. 

[0020] The desirable thickness of the 2nd layer 9 is 0.5nm - 200nm, i.e., 5-2000A. When the thickness of the 2nd layer 
9 is less than 0.5nm, it becomes difficult to grow up evenly the semiconductor region 3 for components which grows 
on the 1st layer 8 and a buffer layer 2. Moreover, if the thickness of the 2nd layer 9 exceeds 200nm, with the 
compressive stress which originates in the stackmg fault of the 2nd layer 9 and the 1st layer 8, and is generated in the 
2nd layer 9, the electron density of the channel layer 10 will fall and the property of HEMT will deteriorate. 
Furthermore, it is good preferably to make thickness of the 2nd layer 9 larger than the thickness of the 1st layer 8. If it 
does in this way, in holding down the distorted magnitude which originates in the stacking fault difference of the 1 st 
layer 8 and the 2nd layer 9, and the coefficient-of-thermal-expansion difference of the 1st layer 8 and a substrate 1, and 
is generated in the 1st layer 8 to extent which a crack does not generate in the 1st layer 9, and maintaining at the 
concentration-of-electrons high concentration of the channel layer 10, it will become advantageous. 
[0021] Next, the manufacture approach of a semi-conductor semiconductor device that the 1st layer 8 was set to AJN 
and the 2nd layer 9 was set to GaN is explained. 

[0022] First, the substrate 1 which consists of p form silicon semi-conductor with which p form impurity shown in (A) 
of drawing 3 was introduced is prepared. One principal plane la of the silicon substrate 1 for forming a buffer layer 2 is 
a field, i.e., an exact (1 1 1) field, just (1 1 1) in field bearing of the crystal shown with Miller indices. However, principal 
plane la of a substrate 1 can be made to incline in the range which is shown by 0 in drawing 3 (111) and which is just 
shown by -theta - +theta to a field. - The range of theta - +theta is -4 degrees - +4 degrees, is -3 degrees - +3 degrees 
preferably, and is -2 degrees - +2 degrees more preferably, losing the step in the atomic level at the time of carrying out 
epitaxial growth of a buffer layer 2 and the semiconductor region 3 for components by making just (111) crystal 
orientation of principal plane la of a silicon substrate 1 into a field or (1 1 1) the field from a field where an OFF include 
angle is small or it can be made small. 

[0023] Next, as shown in drawing 3 (B), the buffer layer 2 on principal plane la of a substrate 1 is formed by repeating 
and carrying out the laminating of the 1st layer 8 which consists of AIN, and the 2nd layer 9 which consists of GaN, 
well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal chemical-vapor-deposition 
method. That is, the substrate 1 of p form silicon single crystal pretreated by HF system etchant is arranged in the 
reaction chamber of an MOCVD system, first, thermal annealing for about 10 minutes is performed at 950 degrees C, 
and a surface oxide film is removed. Next, TMA (trimethylaluminum) gas and NH3 (ammonia) gas are supplied for 
about 65 seconds in a reaction chamber, and the 1st layer 8 which changes from an AIN layer with a thickness of about 
lOnm to one principal plane of a substrate 1 is formed. After making whenever [ stoving temperature / of a substrate 1 ] 
into 1 120 degrees C in this example, it is about 63micromol/min and NH3 in the flow rate of TMA gas, i.e., the amount 
of supply of aluminum. Flow rate 3 of gas, i.e., NH, The amount of supply was made into about 0.14 mol/min. Then, 
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after making whenever [ stoving temperature / of a substrate 1 ] into 1 120 degrees C and stopping supply of TMA gas, 
it is TMG (trimethylgallium) gas and NHS in a reaction chamber. Gas (ammonia) is supplied for about 90 seconds, and 
the 2nd layer 9 which consists of GaN of n form with a thickness of about 30nm is formed in the top face of the 1st 
layer 8 which consists of the above AIN formed in one principal plane of a substrate 1, At this example, it is about 
60micromol/min and NHS in the flow rate of TMG gas, i.e., the amount of supply of Ga. Flow rate 3 of gas, i.e., NH, 
The amount of supply was made mto about 0. 14 mol/min. In this example, 40 layers obtain the buffer layer'2 by which 
the lammating was carried out in the sum total of the 1st layer 8 which repeats formation of the 1st layer 8 which 
consists of above-mentioned AIN, and the 2nd layer 9 which consists of GaN 20 times, and consists of AIN, and the 
2nd layer 9 which consists of GaN. The 1 st layer 8 which consists of AIN, of course, and the 2nd layer 9 which consists 
of GaN are also changeable into the number of arbitration, such as 50 etc. layers, respectively. 

[0024] next, MOCVD of common knowledge on the top face of a buffer layer 2 - the form semiconductor region 3 for 
HEMT elements is formed by law. That is, the substrate 1 with which the buffer layer 2 was formed in the top face is 
arranged m the reaction chamber of an MOCVD system, and they are trimethylgallium gas, i.e., TMG gas, and NH3 
first in a reaction chamber. The electronic transit layer 10 which consists of GaN which supplies gas (ammonia) for 15 
minutes and does not include un-doping [ with a thickness of about 500nm / GaN ], i.e., an electric conduction form 
decision impurity, on the top face of a buffer layer 2 is formed. At this example, it is about 62micromol/min and NHS 
in the flow rate of TMG gas, i.e., the amount of supply of Ga. Flow rate 3 orgas, i.e., NH, About 0.23 mols of amount 
of supply were set to /min, 

[0025] Next, the spacer layer 1 1 which consists of alummum0.2Ga0.8N which supplies TMG gas and ammonia gas to. 
the TMA gas in a reaction chamber for 85 seconds, and does not include un-doping, i.e., an electric conduction form 
decision impurity, on the top face of the electronic transit layer 10 is formed in the thickness of 7nm. In this example, 
about 0.23 mols of flow rates of about 15micromol / min, and NHS gas were set [ the flow rate of TMA gas, i.e., the 
amount of supply of aluminum, ] to /min for the flow rate of about 8.4micromol/min and TMG gas. 
[0026] Next, after interrupting crystal growth for about 15 seconds, the electronic supply layer 12 which supplies TMA 
gas, TMG gas, ammonia gas, and SiH4 (silane) gas for about 98 seconds in a reaction chamber, and changes from 
aluminum0.2Ga0.8N to the top face of the spacer layer 1 1 is formed in the thickness of about lOnm. In this example, 
about 0.23 mols of flow rates of /min and SiH4 gas were set [ the flow rate of the TMA gas at this time / the flow rate 
of about 8.4micromol/min and TMG gas ] to about 21 nmol(s) / min for the flow rate of about 15micromol / min, and 
ammonia gas. 

[0027] Then, the silicon substrate 1 in which the semiconductor region 3 and the buffer layer 2 were formed is taken 
out from an MOCVD system, and the insulator layer 7 which consists of silicon oxide all over a semiconductor region 
3 by well-known plasma CVD is formed. Thickness of an insulator layer 7 is set to about lOOnm. 
[0028] Although one HEMT is shown in drawing 1 , much HEMT(s) are made to coincidence using one semi- 
conductor wafer 1, i.e., substrate, at the time of this manufacture. For this reason, with photolithography, a 
semiconductor region 3 and the component isolation region of a buffer layer 2 are etched to a silicon substrate 1 by 
reactive ion etching using the mixed gas of 3 boron chloride (BCIS) and hydrogen, and isolation of HEMT is 
performed. Thus, if isolation is carried out, the electrical characteristics of each component field etc. can be inspected 
good, without being influenced of other components. 

[0029] Next, after using photolithography and fluoric acid system etchant and forming opening for a source electrode 
and drain electrode formation in an insulator layer 7, using electron beam evaporation etc., laminating formation is 
carried out one by one, lift off of Ti (titanium) and the aluminum (aluminum) is carried out, and the source electrode 4 
and the dram electrode 5 are formed. Also when formmg a gate electrode, opening is formed in an insulator layer 7 in 
the same procedure, and the gate electrode 6 which vapor-deposits and carries out lift off of Pd (palladium), Ti 
(titanium), and the Au(gold) by electron beam evaporation, and has a function as a shot key barrier electrode is formed. 
Then, the semiconductor device (HEMT chip) which carried out cutting separation of the epitaxial wafer in the 
component isolation region, and turned the individual exception according to the well-known dicing process etc. is 
completed. 

[0030] According to HEMT of this operation gestalt, the following effectiveness is acquired. 

(1) Since the substrate 1 with which it is low cost and workability also consists of good silicon is used, reduction of 
ingredient cost and a production cost is possible. For this reason, the cost reduction of HEMT is possible. 

(2) The buffer layer 2 which consists of the 1st layer 8 to which the lattice constant formed in one prmcipal plane of a 
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substrate 1 changes from AIN which has a value between silicon and GaN, and the 2nd layer 9 can succeed the crystal 
orientation of the substrate 1 which consists of silicon good. Consequently, crystal orientation can be arranged and the 
GaN system semiconductor region 3 can be formed in one principal plane of a buffer layer 2 good. For this reason, the 
surface smoothness of a semiconductor region 3 becomes good, and the electrical characteristics of HEMT also become 
good. When a buffer layer is formed in one principal plane of the substrate 1 which consists of silicon at low 
temperature only with a GaN semi-conductor, since the difference of a lattice constant is large, silicon and GaN cannot 
form the GaN system semiconductor region excellent in surface smoothness in the top face of this buffer layer. 

(3) As compared with the low-temperature buffer layer which consists of conventional GaN and a monolayer of AIN, 
crystal growth of the buffer layer 2 which consists of the compound layer of the 1st layer 8 which consists of AIN, and 
the 2nd layer 9 which consists of GaN can be carried out at an elevated temperature. For this reason, the ammonia used 
as a nitrogen source can be made to disassemble good, and a buffer layer 2 does not turn into an amorphous layer. For 
this reason, the consistency of the crystal defect of the epitaxial growth phase 3, i.e., a semiconductor region, formed on 
a buffer layer 2 can be made small enough, and generating of leakage current can be prevented. Consequently, HEMT 
with a good pinch-off property can be offered. 

(4) Since a substrate 1 is formed from the silicon which is excellent in the heat conductivity as compared with sapphire, 
the heat generated working [ a device ] can be made to radiate heat good through a substrate 1, and many properties, 
such as pressure-proofing of a device and gain, are acquired good. 

(5) a silicon substrate 1 - a nitride system compound semiconductor - comparmg - since a coefficient of thermal 
expansion is small - heat - it originated irregularly - pull and distortion joins an epitaxial layer. For this reason, the 
tensile stress of the interface of AlGaN/GaN between the tooth-space layer 1 1 and the electronic transit layer 10 can be 
strengthened further, and the piezo electric field effect can be heightened as a result. For this reason, electron density of 
the electronic transit layer 10, i.e., a channel, can be made into high concentration as compared with HEMT which used 
silicon on sapphire, and it becomes possible to decrease the sheet resistance of the electronic transit layer 10, i.e., a 
channel, and to increase a drain current. 

[0031] 

[The 2nd operation gestah] Next, MESFET of the 2nd operation gestalt is explained with reference to drawing 4 . 
However, in drawing 4 , the same sign is substantially given to the same part with drawing 1 ;R> 1, and the explanation 
is omitted. MESFET of drawing 4 prepares n type semiconductor field 3 a which consists the semiconductor region 3 of 
HEMT of drawing l of the GaN compound semiconductor layer by which Si was doped as an n form impurity, and 
forms others identically to drawing 1 . That is, in MESFET of drawing 4 , a silicon substrate 1, a buffer layer 2, the 
source electrode 4, the drain electrode 5, the gate electrode 6, and the insulator layer 7 are formed like what is shown 
with the same sign by drawing 1 . N type semiconductor field 3a can also be called a channel layer or a barrier layer, 
and is arranged on the buffer layer 2. The source electrode 4 and the gate electrode 5 carry out ohmic contact at n type 
semiconductor field 3 a, and are carrying out shot key barrier contact of the gate electrode 6 at n type semiconductor 
field 3a. 

[0032] The manufacture approaches other than GaN semiconductor region 3a of MESFET of drawing 4 are the same as 
that of the 1st operation gestalt. When forming GaN semiconductor region 3 a, TMG gas, NH3 gas, and SiH4 (silane) 
gas are supplied for about 450 seconds in the reaction chamber used at the time of formation of a buffer layer 2, and 
with a thickness of about 150nm n type semiconductor field 3a is formed in the top face of the buffer layer 2 formed in 
one principal plane of a substrate 1. In this example, the flow rate of 0.23 mol/min and SiH4 gas, i.e., the amount of 
supply of Si, was made [ the flow rate of TMG gas, i.e., the amount of supply of Ga ] into 2 1 nmol/min for the flow 
rate of about 60micromol/min and NH3 gas, i.e., the amount of supply of NH3. 

[0033] MESFET of drav^ng 4 has the same effectiveness as (1) stated in the column of explanation of the effectiveness 
of HEMT of drawing 1 , (2), (3), and (4). That is, it becomes possible to improve the surface smoothness of making a 
substrate 1 cheap and semiconductor region 3a, and crystallinity, to improve the property of MESFET, and to radiate 
the heat of semiconductor region 3 a good through a silicon substrate 1 . 
[0034] 

[The 3rd operation gestalt] The configuration of the buffer layer 2 of the 1st and 2nd operation gestalten is changeable. 
Drawin g 5 shows a part of buffer layer 2a which follows the 3rd usable operation gestalt at HEMT, MESFET, etc. 
Buffer layer 2a of this drawing 5 consists of what carried out the laminating of the 2nd layer 9a of two or more 1st layer 
8a and plurality by turns. 1st layer 8a - chemical formula AlxInyGal-x-yN - it is here, and it comes out and x and y 
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are formed with the numeric value of the arbitration which satisfies 0< x<=l, 0<=y<l, and x+y<=l, and the ingredient 
which can be shown. That is, 1st layer 8a was chosen from AIN (alumimium nitride), AlGaN (gallium nitride 
aluminum), AlInN (indium nitride aluminum), and AlGaInN (gallium nitride indium aluminum), and is formed. With 
the operation gestalt of drawing 5 , aluminumO.5InO.01GaO.49N equivalent to the ingredient with which x of said 
formula was settoO.5, andy was settoO.Ol is used for 1st layer 8a. **** in which 1st layer 8a has insulation -it is 
the thin film. The 1st lattice constant and coefficient of thermal expansion containing aluminum of layer 8a have a 
value between the lattice constant of a silicon substrate 1 and a coefficient of thermal expansion, the lattice constant of 
semiconductor region 3 a, and a coefficient of thermal expansion. 

[0035] 2nd layer 9a chemical formula AlalnbGal-a-bN - it is here and a and b are the numeric value of the 
arbitration which satisfies 0<=a<l, 0<=b<l, and a+b<=l, and the thin fihn of the semi-conductor which comes out and 
consists of the ingredient which can be shown. That is, 2nd layer 9a was chosen from GaN, AIN, InN, InGaN, AlGaN, 
AlInN, and AlInGaN, and is formed. With the operation gestalt of drawing 5 , aluminum0.05In0.35GaO.6N equivalent 
to the ingredient with which a of said formula was set to 0.05, and b was set to 0.35 is used for 2nd layer 9a. It is larger 
than the band gap of 1st layer 8a, the gap, i.e., the band gap, between the valence band of 2nd layer 9a, and a 
conduction band. 

[0036] Next, 1st layer 8a explains the manufacture approach of buffer layer 2a that aluminum0.5In0.01Ga0.49N and 
2nd layer 9a were set to aluminum0.05In0.35Ga0.6N. Buffer layer 2a is formed on principal plane la of the same 
substrate 1 as the 1st operation gestalt. This buffer layer 2a is formed by repeating and carrying out the laminating of 
1st layer 8a which consists of aluminumO.5InO.01GaO.49N, and the 2nd layer 9a which consists of 
aluminum0.05In0.35Ga0.6N, well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal 
chemical-vapor-deposition method. That is, the substrate 1 of a silicon single crystal is arranged in the reaction 
chamber of an MOCVD system, fu-st, thermal annealing is performed and a surface oxide film is removed. Next, TMA 
(trimethylaluminum) gas, TMG (trimethylgallium) gas, TMIn (trimethylindium) gas, and NEB (ammonia) gas are 
supplied for about 24 seconds in a reaction chamber, and 1st layer 8a which changes from aluminum0.5In0.01Ga0.49N 
whose thickness Tl is about 5nm, i.e., about 50A, to one principal plane of a substrate 1 is formed. In this example, 
after making whenever [ stoving temperature / of a substrate 1 ] into 800 degrees C, the flow rate of 47micromoWin 
and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow rate of TMA gas, i.e., the amount of supply of 
aluminum, / the flow rate of about 14micromol/min and TMG gas ] into about 0.23 mol/mm for the flow riate of 
3 Imicromol/min and TMIn gas. Then, whenever [ stop and stoving temperature / of a substrate 1 ] is lowered for 
supply of TMA gas, TMG gas, and TMIn gas to 750 degrees C, TMA gas, TMG gas, TMIn gas, and NIC (ammonia) 
gas are supplied for about 83 seconds after an appropriate time, and 2nd layer 9a which consists of 
alummum0.05In0.35Ga0.6N whose thickness T2 is 30nm, i.e., 300A, is formed in the top face of 1st layer 8a. In 
addition, SiH4 gas can be supplied to coincidence and Si as an impurity can also be introduced into the formation film. 
In this example, the flow rate of 59micromol/min and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow 
rate of TMA gas / the flow rate of 2.8micromol/min and TMG gas ] into about 0.23 mol/min for the flow rate of 
46micromoI/min and TMIn gas. In this example, 1st layer 8a which repeats formation of 1st layer 8a which consists of 
above-mentioned aluminumO.5InO.01GaO.49N, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N 10 
times, and consists of aluminum0.5In0.01GaO,49N, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N 
form the buffer layer 2 by which the 20-layer laminating was carried out by tums. The 1st layer 8a which consists of 
aluminum0.5In0.01Ga0.49N, of course, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N are also 
changeable into the number of arbitration, such as 50 etc. layers, respectively. 

[0037] Since buffer layer 2a of the 3rd operation gestalt of drawing 5 has the same effectiveness as the 1st operation 
gestalt of drawing 1 and the indium is further contained in buffer layer 2a, it has the effectiveness of the ability to make 
the coefficient of thermal expansion of buffer layer 2a approximate to a silicon substrate 1 rather than the case where an 
indium is not included in buffer layer 2a. 
[0038] 

[The 4th operation gestalt] Buffer layer 2b of the 4th operation gestalt shown in drawing 6 transforms the buffer layer 2 
of drawing 1 and drawing 4 , and consists of the crosswise lamination object of the 1st and 2nd layers 8b and 9b. 1st 
layer 8b - chemical formula AlxByGal-x-yN - it is here, and it comes out and x and y are formed with the numeric 
value of the arbitration which satisfies 0< x<=l, 0<=y<l, and x+y<=l, and the ingredient which can be shown. That is, 
1st layer 8b was chosen from AIN (alumhnium nitride), AlGaN (gallium nitride aluminum), AlBN (boron nitride 
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aluminum), and AlBGaN (gallium nitride boron aluminum), and is formed. With the operation gestalt of drawing 6 , 
aluminum0.5Ga0.5N equivalent to the ingredient with which x of said formula was set to 0.5, and y was set to 0 is used 
for 1st layer 8b. 1st layer 8b is very thin film which has insulation. The 1st lattice constant and coefficient of thermal 
expansion of layer 8b are closer to a silicon substrate 1 than 2nd layer 9b. 

[0039] 2nd layer 9b - chemical formula AlaBbGal-a-bN - it is here and a and b are the numeric value of the 
arbitration which satisfies 0<=a<l, 0<=b<l, and a+b<=l, and the thin film of the semi-conductor which comes out and 
consists of the ingredient which can be shown. That is, 2nd layer 9b is a layer containing at least one element chosen 
from aluminum, B, and Ga, and N, for example, was chosen from GaN, BN, AIN, BGaN, AlGaN, AlBN, and AlBGaN, 
and is formed. With the operation gestalt of drawing 6 , B0.3Ga0.7N equivalent to the ingredient with wtdch a of said 
formula was set to 0 and b was set to 0.3 is used for 2nd layer 9b. It is larger than the band gap of 1st layer 8b, the gap, 
i.e., the band gap, between the valence band of 2nd layer 9b, and a conduction band. 

[0040] Buffer layer 2b is formed by repeating and carrying out the laminating of 1st layer 8b which consists of 
aluminum0.5Ga0.5N, and the 2nd layer 9b which consists of B0.3Ga0.7N on principal plane la of a substrate 1 which 
has a field just (111), well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal chemical- 
vapor-deposition method. That is, the substrate 1 of a silicon single crystal is arranged in the reaction chamber of an 
MOCVD system, first, thermal annealing is performed and a surface oxide film is removed. Next, TMA 
(trimethylaluminum) gas, TMG (trimethylgallium) gas, and NH3 (ammonia) gas are supplied for about 27 seconds in a 
reaction chamber, and 1st layer 8b which changes from aluminum0.5Ga0.5N whose thickness Tl is about 5nm, i.e., 
about 50A, to one principal plane of a substrate 1 1 is formed. In this example, after making whenever [ stoving 
temperature / of a substrate 1 ] into 1080 degrees C, the flow rate of 3 Imicromol/min and NH3 gas, i.e., the amount of 
supply of NH3, was set [ the flow rate of TMA gas, i.e., the amount of supply of aluminum, ] to about 0. 14 mols / min 
for the flow rate of about 3 Imicromol/min and TMG gas. Then, whenever [ stop and stoving temperature / of a 
substrate 1 ] is lowered for supply of TMA gas to 1 120 degrees C, TEB (triethyl boron) gas, TMG gas, and NH3 
(ammonia) gas are supplied for about 85 seconds after an appropriate time, and 2nd layer 9b which consists of 
B0.3Ga0.7N of ri form where thickness T2 is 30nm, i.e., 300A, is formed in the top face of 1st layer 8b. In addition, 
SiH4 gas can be supplied to coincidence and Si as an impurity can also be introduced into the formation film. In this 
example, the flow rate of 63micromol/min and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow rate bf 
TEB gas, i.e., the amount of supply of boron, ] into about 0. 14 mol/min for the flow rate of 75micromol/min and TMG 
gas, i.e., the amount of supply of a gallium. In this example, 1 st layer 8b which repeats formation of 2nd layer 9b which 
consists of the 1st layer 8b and B0.3Ga0.7N which consists of above-mentioned aluminum0.5Ga0.5N 50 times, and 
consists of aluminum0.5Ga0.5N, and 2nd layer 9b which consists of B0.3Ga0.7N form buffer layer 2b by which the 
100-layer laminating was carried out by turns in total. 1st layer 8b which consists of aluminum0.5Ga0.5N, of course, 
and 2nd layer 9b which consists of B0.3Ga0.7N are also changeable into the number of arbitration, such as 25 etc. 
layers, respectively. 

[0041] Since buffer layer 2b of drawing 6 has the same effectiveness as the buffer layer 2 of drawing 1 and boron is 
further contained in 2nd layer 9b, compared with the case where 2nd layer 9b does not contain boron, it becomes 
strong, and has the effectiveness that generating of a crack can be prevented and 2nd layer 9b can be formed 
comparatively thickly. 
[0042] 

[Modification(s)] This invention is not limited to an above-mentioned operation gestalt, and the next deformation is 
possible for it. 

(1) A substrate 1 1 can be used as silicon compounds, such as poly crystalline silicon other than single crystal silicon, or 
SiC. 

(2) The electric conduction form of each class of semiconductor regions 3 and 3 a can be made into an example and 

reverse. 

(3) Each class of semiconductor regions 3 and 3a can be used as the gallium nitride system compound semiconductor 
or indium nitride system compound semiconductor chosen from GaN (gallium nitride), AlInN (indium nitride 
aluminum), AlGaN (gallium nitride aluminum), InGraN (gallium nitride indium), and AlInGaN (gallium nitride indium 
aluminum). 

(4) In HEMT of drawing 1 , the electronic supply layer 12 and the same electronic supply layer can be prepared 
between a barrier layer 10, i.e., an electronic transit layer, and a buffer layer 2. 
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(5) The insulated-gate mold electrical quantity effectiveness transistor can be prepared instead of HEMT and MESFET. 

(6) One layer can make [ more ] the number of buffer layers 2 and 2a and the 1st layers 8, 8a, and 8b of 2b than the 2nd 
layer 9, 9a, and 9b, and buffer layers 2 and 2a and the maximum upper layer of 2b can be used as the 1st layer 8, 8a, 
and 8b. Moreover, the one layer of the number of the 2nd layers 9, 9a, and 9b can also be conversely made [ many ] 
rather than the number of the 1st layers 8, 8a, and 8b. 

(7) The 1st Layers 8, 8a, and 8b and 2nd layer 9, 9a, and 9b may contain an impurity in the range which does not check 
these functions. 
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3. In the drawings, any words are not translated. 



TECHNICAL PROBLEM 



[Problem(s) to be Solved by the Invention] By the way, this kind of a gallium nitride system or a nitride system 
semiconductor device cuts down the wafer which many components made as everyone knows and was full according to 
dicing, scribing, a cleavage (cleavage), etc., and is formed. Since the insulating substrate which consists of sapphire at 
this time had the high degree of hardness, it was difficult to perform this dicing etc. with sufficient productivity. 
Moreover, since sapphire was expensive, the cost of a semiconductor device became high. Moreover, when carrying 
out crystal growth of the nitride system compound semiconductor on silicon on sapphire, in order to obtain a flat nitride 
system compound semiconductor layer, it is necessary to form a low-temperature buffer layer as mentioned above. If 
crystal growth of the nitride system compound semiconductor layer is carried out at an elevated temperature through a 
low-temperature buffer layer, the comparatively flat nitride system compound semiconductor fihn can be formed on 
silicon on sapphire. However, at low temperature, when the low-temperature buffer layer which consists of GaN or 
AIN is formed, since the ammonia used as a nitrogen source hardly disassembles, a low-temperature buffer layer 
becomes an amorphous layer containing metal-like Ga and aluminum. Since crystal grov^ of a channel layer, i.e., the 
layer of operation etc., is carried out on the buffer layer of this amorphous condition, in the field near a low- 
temperature buffer layer, the consistency of a crystal defect becomes very high. Since the high field of this defect 
density functions as an n type semiconductor layer of low resistance, when operating a device, a current leaks it also to 
this n type semiconductor layer in addition to a layer (channel layer) of operation. Consequently, a good pinch-off 
property is no longer acquired. As an approach of solving this problem, an AlGaN layer is made to intervene between a 
buffer layer and a channel layer, and the technique of controlling current leak in a low resistance n type semiconductor 
layer is proposed by JP,2000-299325,A. However, in order that mediation of an AlGaN layer may generate distortion 
which origmated in the epitaxial layer at the stacking fault, it reduces the electron mobility of a channel layer and 
invites the problem of making a channel layer generate a crack further etc. For this reason, it was difficult to restrain 
Al amount and thickness of an AlGaN layer and to fully control leakage current as a result. 
[0005] Moreover, the heat conductivity of silicon on sapphire could not fully emit the heat generated working [ a 
device ] since it is small, 0. 126 W/cm-K and, but caused the fall of many properties of a transistor, such as reducing 
pressure-proofing, gain, etc. of a device. Furthermore, although the hetero structure which carried out the laminating of 
the AlGaN is generally adopted on the GaN layer by the GaN system HEMT, when growing up AlGaN on a GaN layer, 
a stacking fault pulls to the field inboard in AlGaN, and distortion is generated. For this stress, piezo polarization 
electric field occur in an interface, and if it combines with spontaneous polarization, the electric field of several MV/cm 
will occur in a hetero interface. Into a channel, it is accumulated by this electric field, the two-dimensional electron gas 
EG, i.e., 2D, of 1013cm-2 order, the fall of channel sheet resistance is achieved, and a drain current can be made to 
increase. This is the advantage of the GaN system HEMT which adopted the hetero structure which carried out the 
laminating of the AlGaN on the GaN layer. 

[0006] however, silicon on sapphire — since a coefficient of thermal expansion is larger than a nitride system 
compound semiconductor — heat — therefore, an epitaxial layer is made to generate a compressive strain irregularly 
Since this compressive strain works in the direction which cancels the hauling distortion in AlGaN resulting from a 
stacking fault, it will decrease piezo polarization electric field. For this reason, the concentration of electrons of 2D EG 
also falls and the engine performance of the AIGaN/GaN system HEMT cannot fully be demonstrated. 
[0007] Then, the purpose of this invention is to offer a semiconductor device and its manufacture approaches, such as 
MESFET using the nitride system compound semiconductor which can solve an above-mentioned trouble, and HEMT. 
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MEANS 



[Means for Solving the Problem] This invention for solving the above-mentioned technical problem and attaining the 
above-mentioned purpose The substrate which is the semiconductor device which has a nitride system compound 
semiconductor, and consists of silicon or a siUcon compound, The semiconductor region for semiconductor devices 
containing at least one nitride system compound semiconductor layer which has been arranged on one principal plane 
of said substrate, and has been arranged on a buffer layer and said buffer layer, the 1st main electrode, 2nd main 
electrode, and control electrode which have been arranged on the front face of said semiconductor region for 
semiconductor devices — having ~ said buffer layer — chemical formula AlxMyGal-x-yN ~ at least one sort of 
elements with which it is here and said M was chosen from In (indium) and B (boron), 

0^y<l> 
x + y^l 

the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
AlaMbGal-a-bN - at least one sort of elements with which said M was chosen from In (indium) and B (boron) here, 

0^b<l, 
a + b^l 

the numeric value to satisfy and the semiconductor device characterized by consisting of a compound layer with the 
2nd layer which comes out and consists of the ingredient shown are started. 

[0009] In addition, as shown in claim 2, said 1st layer can be set to AlxGal-xN, and said 2nd layer can be set to ^ 
AlaGal-aN. Moreover, as shown in claim 3, said 1st layer can be made into AlxInyGal-x-yN, said 2nd layer can be 
made into AlalnbGal-a-bN, and In (indium) can be included at least in one side of said 1st and 2nd layers. Moreover 
as shown in claim 4, said 1st layer can be made into AlxByGal-x-yN, said 2nd layer can be made into AlaBbGal-a- 
bN, and B (boron) can be included at least in one side of said 1st and 2nd layers. Moreover, as shown in claim 5, as for 
said buffer layer, it is desirable to consist of said two or more 1st and 2nd layers, and to carry out the laminating of said 
the 1st layer and said 2nd layer by turns. Moreover, as shown in claim 6, it is desirable for the thickness of said 1st 
layer in said buffer layer to be [ for the thickness of 0.5nm - 50nm and said 2nd layer ] 0.5nm - 200nm. As shown in 
claim 7, as for the principal plane of the side by which said buffer layer of said substrate is arranged, it is desirable that 
it is the field to which it leans in -4 to +4 times from the field or (1 1 1) the field just (1 1 1) in field bearing of the crystal 
shown with Miller indices. Moreover, as shown in claim 8, as for said nitride system compound semiconductor layer, it 
is desirable to be chosen from a GaN (gallium nitride) layer, an AlInN (indium nitride aluminum) layer, an AlGaN 
(gallium nitride aluminum) layer, an InGaN (gallium nitride indium) layer, and an AlInGaN (gallium nitride indium 
aluminum) layer. Moreover, as shown in claim 9, said semiconductor region can be used as two or more semi- 
conductor layers for forming a field-effect transistor, said 1st main electrode can be used as a source electrode, said 2nd 
main electrode can be used as a drain electrode, and said control electrode can be used as a gate electrode. Moreover, as 
shown in claim 10, said semiconductor region can be used as two or more semi-conductor layers for forming a high 
electron mobility transistor (HEMT). Moreover, as shown in claim 11, said semiconductor region can be used as two or 
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more semi-conductor layers for forming a metal semiconductor field-effect transistor (MESFET). moreover, the 
process which prepares the substrate which consists of silicon or a silicon compound in the manufacture approach of a 
semiconductor device of having a nitride system compound semiconductor as shown in claim 12 and said substrate top 
- vapor growth - chemical formula AlxMyGal-x-yN ~ at least one sort of elements with which said M was chosen 

0^y<l. 

from In (indium) and B (boron) here, x + y g 1 

the numeric value to satisfy, the 1st layer which comes out and consists of the ingredient shown, and chemical formula 
At least one sort of elements with which said M was chosen from In (indium) and B (boron) AlaMbGal-a-bN and here 

0^b<l. 
a + b^l 

it is desirable to have the process which forms the numeric value to satisfy and the 2nd layer which comes out and 
consists of the ingredient shown one by one, and obtains a buffer layer, the process which forms the semiconductor 
region for semiconductor devices which consists of at least one nitride system compound semiconductor layer by vapor 
growth on said buffer layer, and the process which forms the 1st and 2nd main electrodes and control electrodes on the 
front face of said semiconductor region for semiconductor devices. 
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DESCRIPTION OF DRAWINGS 



[Brief Description of the Drawings] 

Prawing 1] It is rough **** central drawing of longitudinal section about following [ HEMT ] the 1st operation gestalt 
of this invention. 

[Drawing 2] It is the top view of HEMT of drawing 1 . 

Prawing 3] It is the sectional view in which expanding the structure of HEMT of drawing 1 in order of a production 

process, and showing it. 

Prawin g 4 ] It is the sectional view showing MESFET of the 2nd operation gestalt. 

Prawing 5] It is the sectional view showing the substrate of the 3rd operation gestalt, and a part of buffer layer, 
prawing 6] It is the sectional view showing the substrate of the 4th operation gestalt, and a part of buffer layer. 
Pescription of Notations] 

1 Substrate Which Consists of Silicon Single Crystal 
2, 2a, 2b Buffer layer 

8, 8a, 8b The 1st layer 

9, 9a, 9b The 2nd layer 

3 3a Semiconductor region 
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DRAWINGS 



{Drawing 1] 




[Drawings] 
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[Drawing 6] 
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CORRECTION OR AMENDMENT 



[Kind of official gazette] Printing of amendment by the convention of 2 of Article 17 of Patent Law 
[Section partition] The 2nd partition of the 7th section 
[Publication date] July 7, Heisei 17 (2005. 7.7) 

[Publication No.] JP,2003-.59948,A (P2003-59948A) 

[Date of Publication] February 28, Heisei 15 (2003. 2.28) 

[Application number] Application for patent 2001-248735 (P200 1-24873 5) 

[The 7th edition of International Patent Classification] 

HOIL 21/338 
HOIL 21/205 
HOIL 29/778 
HOIL 29/78 
HOIL 29/812 

[FI] 

HOIL 29/80 H • 

HOIL 21/205 
HOIL 29/80 B 
HOIL 29/78 301 B 

[Procedure revision] 

[Filing Date] October 29, Heisei 16 (2004. 10.29) 

[Procedure amendment 1] 

[Document to be Amended] Specification 

[Item(s) to be Amended] 0013 

[Method of Amendment] Modification 

[The contents of amendment] 

[0013] , . 

The HEMT element semiconductor region 3 has the electronic transit layer 10 which consists of impurity non-doping 
GaN, the spacer layer 1 1 which consists of non-doping aluminum0.2Ga0.8N, and the electronic supply layer 12 which 
consists of n form aluminum0.2Ga0.8N by which Si is doped as an n form impurity. Each class 10, 1 1, and 12 of the 
semiconductor region 3 for components consists of the gallium nitride system compound semiconductor which used 
nitrogen and a gallium as the base. The electronic transit layer 10 arranged on a buffer layer 2 can also be called a 
channel layer, and has the thickness of SOOnm. It controls that the spacer layer 1 1 arranged on the electronic transit 
layer 10 has the thickness of 7nm, and the silicon as an n form impurity of ^e electronic supply layer 12 diffuses it in 
the electronic transit layer 10. The electronic supply layer 12 arranged on the spacer layer 1 1 can also be called a 
barrier layer, a layer of operation, or a channel layer, and has the thickness of lOnm. The source electrode 4 and the 
drain electrode 5 carry out ohmic contact at the electronic supply layer 12, and are carrying out Schottky contact of the 
gate electrode 6 to the electronic supply layer 12. In addition, the high contact layer of n form high impurity 
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concentration can be prepared between the source electrode 4 and the drain electrode 5, and the electronic supply layer 

12. The insulator layer 7 which consists of Si02 has covered the front face of a semiconductor region 3 . 

[Procedure amendment 2] 

Pocument to be Amended] Specification 

[Item(s) to be Amended] 0020 

[Method of Amendment] Modification 

[The contents of amendment] 

[0020] 

The desirable thickness of the 2nd layer 9 is 0,5nm - 200nm, i.e., 5-2000A. When the thickness of the 2nd layer 9 is 

less than 0.5nm, it becomes difficult to grow up evenly the semiconductor region 3 for components which grows on the 

1st layer 8 and a buffer layer 2. Moreover, if the thickness of the 2nd layer 9 exceeds 200imi, with the compressive 

stress which originates in the stacking fault of the 2nd layer 9 and the 1st layer 8, and is generated in the 2nd layer 9, 

the electron density of the channel layer 10 will fall and the property of HEMT will deteriorate. 

Furthermore, it is good preferably to make thickness of the 2nd layer 9 larger than the thickness of the 1st layer 8. If it 

does in this way, in holding down the distorted magnitude which originates in the stacking fault difference of the 1st 

layer 8 and the 2nd layer 9, and the coefficient-of-thennal-expansion difference of the 1st layer 8 and a substrate 1, and 

is generated in the 1st layer 8 to extent which a crack does not generate in the 1st layer 8, and maintaining at the 

concentration-of-electrons high concentration of the channel layer 10, it will become advantageous. 

[Procedure amendment 3 ] 

[Document to be Amended] Specification 

[Item(s) to be Amended] 003 1 

[Method of Amendment] Modification 

[The contents of amendment] 

[0031] 

[The 2nd operation gestalt] 

Next, MESFET of the 2nd operation gestalt is explained with reference to drawing 4. However, in drawing 4, the same 
sign is substantially given to the same part with drawing 1, and the explanation is omitted. 

MESFET of drawing 4 prepares n type semiconductor field 3 a which consists the semiconductor region 3 of HEMT of 

drawing 1 of the GaN compound semiconductor layer by which Si was doped as an n form impurity, and forms others 

identically to drawing 1 . That is, in MESFET of drawing 4, a silicon substrate 1, a buffer layer 2, the source electrode 

4, the drain electrode 5, the gate electrode 6, and the insulator layer 7 are formed like what is shown with the same sign 

by drawing 1 , N type semiconductor field 3a can also be called a channel layer or a barrier layer, and is arranged on the 

buffer layer 2. The source electrode 4 and the drain electrode 5 carry out ohmic contact at n type semiconductor field 

3a, and are carrying out shot key barrier contact of the gate electrode 6 at n type semiconductor field 3a. 

[Procedure amendment 4] 

Pocument to be Amended] Specification 

[Item(s) to be Amended] 0035 

[Method of Amendment] Modification 

[The contents of amendment] 

[0035] 

2nd layer 9a 

Chemical formula AlalnbGal-a-bN 
Here, a and b are 0<=a<l, 

0<=b<l, 
a+b<=l 

The numeric value of the arbitration to satisfy, 

jmroluiESllSSSfiB^^ consists of the ingre dient wh ich can b e shown. That is. 

It ^^rawmR^LaluminumO.O with which a ofTSc 



Fence Dane 
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[Procedure amendment 5] 

[Document to be Amended] Specification 

[Item(s) to be Amended] 0036 

[Method of Amendment] Modification 

[The contents of amendment] 

[0036] 

Next, 1st layer 8a explains the manufacture approach of buffer layer 2a that aluminumO.5InO.01GaO.49N and 2nd layer 
9a were set to aluminum0.05InO,35Ga0.6N. 

Buffer layer 2a is formed on principal plane la of the same substrate 1 as the 1st operation gestalt. This buffer layer 2a 
is formed by repeating and carrying out the laminating of 1st layer 8a which consists of aluminumO.5InO.01GaO.49N, 
and the 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N, well-known MOCVD (Metal Organic Chemical' 
Vapor Deposition), i.e., organic metal chemical-vapor-deposition method. That is, the substrate 1 of a silicon single 
crystal is arranged in the reaction chamber of an MOCVD system, fu^t, thermal annealing is performed and a surface 
oxide film is removed. Next, TMA (trhnethylalummum) gas, TMG (trimethylgallium) gas, TMIn (trimethylindium) 
gas, and NH3 (ammonia) gas are supplied for about 24 seconds in a reaction chamber, and 1st layer 8a which changes 
from aluminum0.5In0.01GaO,49N whose thickness Tl is about 5nm, i.e., about 50A, to one principal plane of a 
substrate 1 is formed. In this example, after making whenever [ stoving temperature / of a substrate 1 ] into 800 degrees 
C, the flow rate of 47micromol/min and NH3 gas, i.e., the amount of supply of NH3, was made [ the flow rate of TMA 
gas, i.e., the amount of supply of aluminum, / the flow rate of about 14micromol/min and TMG gas ] into about 0.23 
mol/min for the flow rate of 3 Imicromol/min and TMIn gas. Then, whenever [ stop and stoving temperature / of a 
substrate 1 ] is lowered for supply of TMA gas, TMG gas, and TMIn gas to 750 degrees C, TMA gas, TMG gas, TMIn 
gas, and NH3 (ammonia) gas are supplied for about 83 seconds after an appropriate time, and 2nd layer 9a which 
consists of aluminum0.05In0.35Ga0.6N whose thickness T2 is 30nm, i.e., 300 A, is formed in the top face of 1st layer 
8a. In addition, SiH4 gas can be supplied to comcidence and Si as an impurity can also be introduced into the formation 
film. In this example, the flow rate of 59micromol/min and NH3 gas, i.e., the amount of supply of NH3, was made [ the 
flow rate of TMA gas / the flow rate of 2.8micromol/min and TMG gas ] into about 0.23 mol/min for the flow rate of 
46micromol/min and TMIn gas. In this example, 1st layer 8a which repeats formation of 1st layer 8a which consists of 
above-mentioned aluminum0.5In0.01Ga0.49N, and 2nd layer 9a which consists of aluminum0.05InO:35Ga0.6N 10 
times, and consists of aluminumO.5InO.01GaO.49N, and 2nd layer 9a which consists of aluminumO:05In0.35Ga0.6N 
form buffer layer 2a by which the 20-layer laminating was carried out by turns. The 1st layer 8a which consists of 
aluminumO.5InO.01GaO.49N, of course, and 2nd layer 9a which consists of aluminum0.05In0.35Ga0.6N are also 
changeable into the number of arbitration, such as 50 etc. layers, respectively. 
[Procedure amendment 6] 
[Document to be Amended] Specification 
[Item(s) to be Amended] 0039 
[Method of Amendment] Modification 
[The contents of amendment] 
[0039] 

2nd layer 9b, 

Chemical formula AlaBbGal-a-bN 
Here, a and b are 0<=a<l, 
0<=b<l, 
a+b<=l 

The numeric value of the arbitration to satisfy, 

It is the thm film of the semi-conductor which comes out and consists of the ingredient which can be shown. That is, 
2nd layer 9b is a layer containing at least one element chosen from aluminum, B, and Ga, and N, for example, was 
chosen from GaN, BN, AIN, BGaN, AlGaN, AlBN, and AlBGaN, and is formed. With the operation gestalt of drawing 
6, B0.3Ga0.7N equivalent to the ingredient with which a of said formula was set to 0 and b was set to 0.3 is used for 
2nd layer 9b, It is smaller than the band gap of 1st layer 8b, the gap, i.e., the band gap, between the valence band of 2nd 
layer 9b, and a conduction band. 
[Procedure amendment 7] 
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[Document to be Amended] Specification 
[Item(s) to be Amended] 0040 
[Method of Amendment] Modification 
[The contents of amendment] 
[0040] 

Buffer layer 2b is formed by repeating and carrying out the laminating of 1st layer 8b which consists of 
aluminum0.5Ga0.5N, and the 2nd layer 9b which consists of B0.3Ga0.7N on principal plane la of a substrate 1 which 
has a field just (111), well-known MOCVD (Metal Organic Chemical Vapor Deposition), i.e., organic metal chemical- 
vapor-deposition method. That is, the substrate 1 of a silicon single crystal is arranged in the reaction chamber of an 
MOCVD system, first, thermal annealing is performed and a surface oxide fihn is removed. Next, TMA 
(trimethylalummum) gas, TMG (trhnethylgallium) gas, and NH3 (ammonia) gas are supplied for about 27 seconds in a 
reaction chamber, and 1st layer 8b which changes from aluminum0.5Ga0.5N whose thickness Tl is about 5nm, i.e., 
about 50A, to one principal plane of a substrate 1 is formed. In this example, after making whenever [ stoving 
temperature / of a substrate 1 ] into 1080 degrees C, the flow rate of 3 Imicromol/min and NHS gas, i.e., the amount of 
supply of NHS, was set [ the flow rate of TMA gas, i.e., the amount of supply of aluminum, ] to about 6. 14 mols / min 
for the flow rate of about 3 Imicromol/min and TMG gas. Then, whenever [ stop and stoving temperature / of a 
substrate 1 ] is lowered for supply of TMA gas to 1 120 degrees C, TEB (triethyl boron) gas, TMG gas, and NHS 
(ammonia) gas are supphed for about 85 seconds after an appropriate time, and 2nd layer 9b which consists of 
B0.3Ga0.7N of n form where thickness T2 is SOnm, i.e., SOOA, is formed in the top face of 1st layer 8b. In addition, 
SiH4 gas can be supplied to coincidence and Si as an impurity can also be introduced into the formation film. In this 
example, the flow rate of 63micromol/min and NHS gas, i.e., the amount of supply of NHS, was made [ the flow rate of 
TEB gas, i.e., the amount of supply of boron, ] into about 0. 14 mol/min for the flow rate of 75micromol/min and TMG 
gas, i.e., the amount of supply of a gallium. In this example, 1st layer 8b which repeats formation of 2nd layer 9b which 
consists of the 1st layer 8b and B0.3Ga0.7N which consists of above-mentioned aluminum0.5Ga0.5N 50 times, and 
consists of aluminum0.5Ga0.5N, and 2nd layer 9b which consists of B0.3Ga0.7N form buffer layer 2b by which the 
100-layer laminating was carried out by turns in total. 1st layer 8b which consists of aluminum0.5Ga0.5N, of course, 
and 2nd layer 9b which consists of B0.3Ga0.7N are also changeable into the number of arbitration, such as 25 etc. 
layers, respectively. 
[Procedure amendment 8] 
[Document to be Amended] Specification 
[Item(s) to be Amended] 0042 
[Method of Amendment] Modification 
[The contents of amendment] 
[0042] 

[Modification(s)] 

This invention is not limited to an above-mentioned operation gestalt, and the next deformation is possible for it. 

(1) A substrate 1 1 can be used as silicon compounds, such as polycrystalline silicon other than single crystal silicon, or 
Sic 

(2) The electric conduction form of each class of semiconductor regions 3 and 3 a can be made into an example and 

reverse. 

(3) Each class of semiconductor regions 3 and 3a can be used as the gallium nitride system compound semiconductor 
or indium nitride system compound semiconductor chosen from GaN (gallium nitride), AlInN (indium nitride 
aluminum), AlGaN (gallium nitride aluminum), InGaN (gallium nitride indium), and AlInGaN (gallium nitride indium 
aluminum). 

(4) In HEMT of drawing 1, the electronic supply layer 12 and the same electronic supply layer can be prepared 
between a barrier layer 10, i.e., an electronic transit layer, and a buffer layer 2. 

(5) An insulated gate field effect transistor can be prepared instead of HEMT and MESFET. 

(6) One layer can make [ more ] the number of buffer layers 2 and 2a and the 1st layers 8, 8a, and 8b of 2b than the 2nd 
layer 9, 9a, and 9b, and buffer layers 2 and 2a and the maximum upper layer of 2b can be used as the 1st layer 8, 8a, 
and 8b. Moreover, the one layer of the number of the 2nd layers 9, 9a, and 9b can also be conversely made [ many ] 
rather than the number of the 1st layers 8, 8a, and 8b. 
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NEW CENTRAL FAX NUMBER 

Effective July 15, 2005 



On July 15.2005 , the Central FAX Number will change to 571-273-8300. 
This new Central FAX Number is the result of relocating the Central FAX 
server to the Office's Alexandria, Virginia campus. 

Most facsimile-transmitted patent application related correspondence is 
required to be sent to the Central FAX Number. To give customers time to 
adjust to the new Central FAX Number, faxes sent to the old number (703- 
872-9306) will be routed to the new number until September 15, 2005. 
After September 15. 2005. the old number will no loivger be in service and 
571-273^8300 will be the only facsimile number recognized for "centralized 
delivery". • 

CENTRALIZED DELIVERY POLICY: For patent related correspondence, 
hand carry deliveries must be made to the Customer Service Window (now 
located at the Randolph Building, 401 Dulany Street, Alexandria, VA 
22314), and facsimile transmissions must be sent to the Central FAX 
number, unless an exception applies. For example, if the examiner has 
rejected claims in a regular U.S. patent application, and the reply to the 
examiner's Office action is desired to be transmitted by facsimile rather than 
mailed, the reply must be sent to the Central FAX Number. 



